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Preface

Dear reader,

This special issue of the “Bulgarian Chemical
Communication” contains selected full texts from re-
ports presented during the 4" National Crystallographic
Symposium (NCS’12), which took place on 01-
03 November, 2012 in the “Assen Zlatarov” hall of
the University of Chemical Technology Metallurgy
(UCTM), Sofia. For a third consecutive year, the
participants in this event gratefully obtained opportu-
nity to publish in this journal. The acceptance of the
papers was based on the Journal’s normal reviewing
procedure.

NCS’12 was conducted under the auspices of the
Bulgarian Crystallographic Society (BCS) with the
invaluable effort of organizing committee members
from the Institute of Mineralogy and Crystallography
(BAS), University of Chemical Technology and
Metallurgy, Sofia, Institute of General and Inorganic
Chemistry (BAS), Institute of Geology (BAS),
Institute of Catalysis (BAS), and Institute of Physical
Chemistry (BAS).

The organizers of NCS’12 invited leading re-
searchers from abroad to inspire the interdisciplinary
audience and attract young researchers to this interdis-
ciplinary field of science.

Main purpose of such meetings is to gather the crys-
tallographic community in Bulgaria to meet and share
knowledge in modern crystallographic approaches on
study of new materials achieved by scientists from na-
tional research institutes and universities in the fields
of structural crystallography, crystal chemistry, crys-
tal physics, mineralogy and materials science.

The National Crystallographic Symposium
(NCS) is the annual meeting of the growing Bulgarian
crystallographic community and is the principal activity
of the recently established Bulgarian Crystallographic
Society (BCS). These symposia became the leading
scientific events, not only for the Bulgarian crystal-
lographers, but also for participants from different

European countries. A testimony for the growing in-
terest to the National Crystallographic Symposium is
the fact that this special issue collected 37 papers — a
number exceeding by about 60% the ones in previous
NCS issues.

The papers in the present issue outline the latest
developments in the research of the Bulgarian crystal-
lographers. They cover a wide interdisciplinary range
— main essence is the synthesis, structure and properties
studies on a great variety of materials — “glaserite” type
compounds, ion-exchanged natural zeolites and micro-
porous titanosilicates, sedimentary apatite, Ni-Al lay-
ered double hydroxides, ZnO powders, borate materi-
als, ZnFe,O,, LINbO; and LiTaO,, TeO,/TiO, powders,
Fe-doped TiO, nanoparticles, magnesium chlorates,
amorphous Ge-Te—In system, molybdenum modified
aluminum bronze, bacteria and DNA samples, proteins,
urea and thiourea adducts, orthodontic archwires, poly-
caprolactam, hybrid materials, organic dyes.

Special attentionis paid to the 100 years Anniversary
of X-ray diffraction discovery.

We very much hope that this issue, representing
the accepted full texts, reveals the high quality work
of the Bulgarian crystallographers, is good basis for
provoking business interest in investment in produc-
tion of high technological materials and is an in-time
product at the dawn of 2014 — The International Year
of Crystallography. The decision was proclaimed by the
United Nations General Assembly in July 2012. The of-
ficial Opening Ceremony of the International Year of
Crystallography (I'YCr2014) will take place at UNESCO
Headquarters in Paris on 20 and 21 January 2014.

We are looking forward to successful organization
of the Fifth National Crystallographic Symposium to
be held in Sofia in 2014.

Special acknowledgements are due to the spon-
sors of the 4" National Crystallographic Symposium
— ASTEL, PANalytical, Bruker, RETSCH, and
Labexpert Ltd. for their help and making the sympo-
sium a success and this special issue possible.

Prof. Ognyan Petrov

Guest editor of the special issue of the Journal
Bulgarian Chemical Communications,

and President of the Bulgarian Crystallographic Society
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The paper invites the reader to recall the 100 years long history of X-rays diffraction discovery, advancement
and achievements with great impact on our daily life. Let us pay a tribute to the founders of X-ray diffraction and
emphasize the importance of their work for our modern understanding of matter. Special honor has to be given to
Max von Laue, who discovered in 1912 that X-rays are electromagnetic in nature, with wavelength short enough, to
cause diffraction when passing through a periodic crystal medium. Shortly afterwards, the importance of his work was
recognized and he received Nobel Prize two years later. Other distinguished researchers are Sir William Henry Bragg
and William Lawrence Bragg, who were awarded a Nobel Prize in 1915 “for their services in the analysis of crystal
structure by means of X-rays”. Bulgarian history of X-ray diffraction analysis started around 1939, when Ivan Stranski
and Rostislaw Kaishev performed the first experiments. One of the very first publications by Bulgarian authors on this

topic belongs to Strashimir Dimitrov in collaboration with Kaishev.

At present, the X-ray diffraction is irreplaceable, unique method for structural investigation of inorganic and or-
ganic materials, biomolecules, including human DNA, nanocomposites and many others, especially after the develop-
ment of more than 40 X-ray synchrotron sources worldwide.

Key words: X-ray diffraction history, Bulgarian X-rays science history.

INTRODUCTION

Since the discovery of X-rays not only the scien-
tific community, but the entire society have recog-
nized their importance for our daily life. X-rays are
employed in structural investigation of inorganic
and organic materials, for chemical elemental anal-
ysis and biological imaging.

Hundred years of X-ray diffraction analysis,
is a good occasion to recall the people, whom we
have to thank for our achievements today. The ar-
ticle invites the reader to recall the significant mo-
ments in the 100 years long history of advancement
and achievements since the scientific discovery of
X-rays diffraction.

* To whom all correspondence should be sent:
E-mail: ginka@yahoo.com

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

Prehistory

Before dealing with the essentials of X-ray dif-
fraction applications, let us recall the story of the
X-ray discovery, marked with at least 5 related
Nobel Prizes in a period of only 10 years.

The very first Nobel Prize, in the remote 1901,
was awarded to Wilhelm Conrad Rontgen “in rec-
ognition of the extraordinary services he has ren-
dered by the discovery of the remarkable rays,
subsequently named after him” [1]. At the time of
his discovery, Rontgen was appointed Professor at
the University of Wiirzburg. His scientific interests
since then were far from that field, but since the
investigations on cathode rays were very new and
modern, he decided to perform some experiments
similar to those of Herz and Lenard. In the autumn
of 1895 he assembled equipment, consisting of
Ruhmkorff’s coil and evacuated Lenard’s tube cov-
ered with paperboard. What he observed amazed
him [2]! In the dark room, a barium-platinum-cya-
nide screen, located 2 meters away from the equip-
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ment, was fluorescencing. Rontgen was famous for
his diligence, so he closed the door of his lab and
spent six weeks repeating and trying different ex-
periments to convince himself that the observation
came really from the experiment and is not a fiction.
He even did not speak to his assistant or his wife,
who started to worry about him.

The amount of work he performed in this pe-
riod is indeed impressing! The first results were
published as a short communication in the local
scientific journal [3], where as a footnote to the
main text Rontgen wrote “‘for shortcut I would like
to use the expression ,,rays” and more precisely,
to make the difference with all other rays, I will use
the name X-rays”. The communication was sent as
a Christmas present to almost 90 scientists all over
the world and it actually became the Christmas
present to the humanity as well.

The first communication was followed by a
second one, issued a month later. There was only
one more communication written by Rontgen on
this topic, published a year later in Berlin [4]. So,
the new X-rays were born and described in only
30 pages!

The main part of the experimental work of
Rontgen aimed on proving the properties of the
“agent”, if it was really rays, if they differed from
light and cathode rays and in which way. It has to
be mentioned here, that he also tried to observe dif-
fraction but did not succeed. His achievement had
a profound effect. Researchers worldwide could
experiment with X-rays as Rontgen refused to pat-
ent his findings, convinced that his inventions and
discoveries belong to the entire world.

The next, very important person in our story is
Charles Glover Barkla, who devoted his life to the
investigations on X-rays. His extraordinary work,
honored with Nobel Prize in 1917, is described on
the Nobel Prize site as follows [1]: “His discovery
of homogeneous radiations characteristic of the el-
ements showed that these elements had their char-
acteristic line spectra in X-ray and he was the first
to show that secondary emission is of two kinds, one
consisting of X-rays scattered unchanged, and the
other a fluorescent radiation peculiar to the par-
ticular substance. He discovered the polarization
of X-rays, an experimental result of considerable
importance for it meant that X-radiation could be
regarded as similar to ordinary light. Barkla made
valuable contributions to present knowledge on the
absorption and photographic action of X-rays and
his later work demonstrated the relation between
the characteristic X-radiation and the corpuscular
radiation accompanying it. He has also shown both
the applicability and the limitation of the quantum
theory in relation to Réntgen radiation ...Barkla’s
discovery of the characteristic X-radiation has
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proved to be a phenomenon of extraordinary im-
portance as regards physical research, a fact which
has been made increasingly manifest by the subse-
quent researches of other investigators...”

Once upon a time in Munich

Now the time line goes to Munich, where
Rontgen had moved to in the beginning of the 20th
century. The scientific community there had good
traditions. One of them was that every day profes-
sors and students were discussing modern scientific
topics at the Café¢ Hofgarten. Under discussion were
crystallography, X-rays and their polarization, dif-
ferent new theories, ideas mostly inspired by the
interests of the appointed at that time professors at
the University of Munich and on the first place by
professor Rontgen, of course.

On the second place — Professor Groth, who was
the Director of the Institute of Crystallography. He
used to invite famous crystallographers from all
over the world, which gave the possibility to the
students and professors for real and spontaneous
transfer of knowledge and generation of new ide-
as. Although at that time some facts were already
known, for instance the existence of 32 symmetry
classes and 230 Space Groups, and the theory of
“molécular intégrantes”, according to which crys-
tals were supposed to be a periodic arrangement
of identical particles, crystallography was still
rather a mathematical exercise. This was also the
time when the theory of the atoms and their inner
structure did not exist yet. Knowing this, Groth’s
great contribution can be highly appreciated. In
1876, he wrote “Physical crystallography”, which
became a leading book in Crystallography for dec-
ades [5]. The most famous book, written by him is
“Chemical crystallography” (1906, in 5 volumes),
where he classified crystal forms according to their
chemical structure. This way he established for the
first time the connection between physical shape
and chemical nature of the crystals.

Another very important person in our story is
professor Sommerfeld. At the time when Rongen
invited him for the position of a Director of the
Theoretical institute at the University of Munich,
Sommerfeld’s scientific interests had been con-
nected with the theory of diffraction in the optical
range. Curiously, Sommerfeld stated that his condi-
tion to accept the position was to have a laboratory
with appropriate equipment for proving his theories.
Professor Sommerfeld was easy going, charming
and open person who soon became the center of all
scientific meetings at the Café Hofgarten. About his
extraordinary scientific capacity one could judge
from the success of his students such as P. Debye, P.
Ewald, W. Pauli, W. Heisenberg. All these students
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participated in the caf¢ and some of the students of
Rontgen like P. Knipping, J. Brentano, R. Glocker,
and Joffe can be added to this list.

All mentioned students are renowned scientists
of course but we will pay special attention only to
Paul Ewald (1888—1985). In one of his books Ewald
wrote [6]: “Towards the end of summer semester of
1910 the present author, Paul Ewald, had belonged
to the group of students centered about Sommerfeld
for about two years, and he felt that he could venture
to ask his teacher to accept him as a doctorant.”

Ewald chose a thesis problem with the work-
ing title “To find the optical properties of an ani-
sotropic arrangement of isotropic resonators”, the
basic idea of which he explained as [6]: “...If the
same type resonators were placed in a lattice ar-
ray, with perfect regularity but different distances
along the three coordinate axes — would the dis-
persive and refractive properties of this medium be
those of a crystal?”

Almost ready, Ewald met some difficulties ex-
plaining his calculations. According to Munich
university traditions, he asked the newly appointed
assistant Max von Laue for help. Laue was actually
the favorite student of Max Plank in Berlin, but he
insisted to move to Munich and in 1909 he was ap-
pointed in the Theoretical institute under the supervi-
sion of Sommerfeld. Laue invited Ewald for a supper
at home. They met (in late January 1912) and took
a walk in the English Garden (near the University),
where Ewald started explaining his problems.
Ewald wrote [6] about this walk: “Meanwhile they
were entering the park, when Laue asked: “what
is the distance between the resonators?”. To this
Ewald answered that it was very small compared
to the wave-length of visible light, perhaps 1/500 or
1/1000 of the wave-length, but that an exact value
could not be given because of the unknown nature
of the “molecules integrantes” or “particles” of the
structure theory, that, however, the exact distance
was immaterial for his problem because it was suf-
ficient to know that it was only a minute fraction of
the wave-length.”

Let us now draw our attention to Laue and his
point of view. In his Nobel Prize lecture he explained
how much all professors at Munich University in-
fluenced him [1]: “It turned to be a matter of great
good fortune that Sommerfeld passed to me the ar-
ticle “Wellenoptik™ at that time to work upon for
the Encyclopedia of Mathematical Science. For it
was during that object that I was obliged to seek
a mathematical presentation of the lattice theory...
On my arrival in Munich in 1909 my attention was
drawn constantly — first owing to the influence of
Rontgen ‘s work at this University and subsequently
by Sommerfeld ‘s active interest in X-rays and y-rays,
which he had also testified in several works-back to

the question of their actual nature ... it was Groth
who expressed his defense of it (the space-lattices
model), both orally and in writing, and I, also thus
learned from him.” and then concluded [1]: “Such
was the state of affair as, one evening in February
1912, P.P. Ewald came to visit me... he was faced
at that time with certain difficulties and came to me
with a request for advice.”

Through the memories of Ewald [5] and Laue
[1] one can reconstruct the remarkable conversa-
tion on that day. Laue said that during the con-
versation with Ewald in his mind was: “...lat-
tice spectra have to be ensued. The fact that the
lattice constant in crystals is of an order of 107®
cm was sufficiently known from the analogy with
other interatomic distances in solid and liquid
substances, and in addition, this could easily be
argued from the density, molecular weight and the
mass of the hydrogen atom which, just at that time,
had been particularly well determined. The order
of X-ray wavelengths was estimated by Wien and
Sommerfeld at 10~ cm, so ...”

Ewald explained about the time after the supper:
“When this time came, he found Laue listening in a
slightly distracted way. He again insisted on know-
ing the distance between the resonators and when
he received the same answer as before, he asked:
“what would happen if you assume very much
shorter waves to travel in a crystal?”...”

Ewald was on a hurry finishing his thesis, so he
only copied the calculations to Laue. After finishing
his PhD, Ewald got a job and forgot about this issue.
However, the interest of Laue and respectively of
the other scientists at Munich University continued.
Meanwhile, Ewald continued working on X-rays
and became later the father of the dynamic theory
of the X-ray diffraction.

In 1912 during the Easter holydays, complete-
ly in accordance with the good university tradi-
tions, a group of professors, assistants and students
were skiing in the Alps. During the vacation, Laue
shared his idea with Sommerfeld, Wien and other
scientists, but encountered a strong disbelief in a
significant outcome of any diffraction experiment
based on the regularity of the internal structure of
crystals. On the other hand, Walter Friedrich, who
was newly appointed as an experimental assistant
in Sommerfeld’s group, immediately expressed
his willingness to carry out a relevant test. Also
Paul Knipping, who had just finished his thesis in
Rontgen‘s institute, volunteered for assisting in the
experiment. Finally, the opinion prevailed that ex-
periment was safer than theory and that since the
diffraction experiment required no sophisticated
set-up, it should at least be tried.

Friedrich and Knipping performed series of ex-
periments with CuSO, and they had success when
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experimented on transmission. Visiting the scientif-
ic café, Laue was informed about that progress and
was so excited that he even remembered the house,
where he solved the equations. He wrote [1]: “Only
shortly before this, when writing an article for
Enzyklopaedie der matematischen Wissenschaften, 1
had given the old theory of diffraction by an optical
grating, which went back to Schwerd (1835), a new
formulation in order that by applying the equation
of the theory twice over, the theory of diffraction
by a cross-grating could be obtained. I had only to
write out this equation three times, corresponding to
the three periodicities of the space lattice, so as to
obtain the interpretation of the discovery. In partic-
ular the observed rings of rays could thus be related
to the cones of rays demanded separately by each of
the three conditions of constructive interference.”

The last events happened in 1912. The results
were then presented (8.06.1912) by Sommerfeld
at the Bavarian Academy of Sciences. Meanwhile
Laue delivered a lecture in Berlin, presenting the
results to his former colleagues and the scientific
society in Berlin. On his way back to Munich, Laue
went to visit Professor Wien and introduced the re-
cent achievements to the group there and a professor
from Gottingen. The presentations were followed
by publication of the significant results. The first
publication was written by Friedrich, Knipping and
Laue [7], followed by another one written by Laue
[8]. These publications gave the birth of X-ray dif-
fraction science. Shortly, the importance of Laue’s
work was recognized and he received the Nobel
Prize in 1914 “for his discovery of the diffraction of
X-rays by crystals” [1].

Practical application

The theory of Laue for the diffraction of X-rays
by crystal lattice and its mathematical formulation
was a ground breaking discovery a ground break-
ing discovery. However, as Professor Granqvist
explained [1]: “...calculating the crystal structures,
from von Laue’s formulae, was an exceedingly com-
plicated one, in as much as not only the space lattic-
es, but also the wavelengths and the intensity-distri-
bution over the various wavelengths in the spectra
of the X-rays, were unknown quantities.”

This is the reason why Ewald defined [5] the
beginning of the real X-ray diffraction analysis
as follows: “Crystal Structure Analysis began in
November 1912 with the first papers of W. L. Bragg,
then still student in Cambridge, in which, by analy-
sis of the Laue diagrams of zink blende, he deter-
mined the correct lattice upon which the structure
of this crystal is built. Soon afterwards he obtained
the first complete structure determinations, namely
of NaCl, KCI, KBr, KI, a series of alkali halides hav-
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ing similar structures. By this determination a scale
for measuring of atomic distances in crystals and,
simultaneously, of X-ray wave-lengths obtained.”

The real progress was possible due to the subse-
quent discovery of W. L. Bragg, who found out that
the phenomenon could be treated mathematically as
a reflection by successive parallel planes that may
be placed so as to pass through the lattice points, and
that in this way the ratio between the wavelengths
and the distances of the said planes from each other
can be calculated by a simple formula from the an-
gle of reflection [1]. The other very important event
was that W.H. Bragg and W. L. Bragg constructed
the first X-ray spectrometer, based on reflection
principle, which admitted a definite, even though
initially unknown, wavelength being made use of.
Exactly this spectrometer allowed the Bragg’s to
gain the first, extremely important insights into the
structure of crystals. The rays falling on the crystal
were produced by X-ray tubes, platinum being at
first used for the anticathode while consequently an-
ticathodes were produced from palladium and rho-
dium. In order to take practical advantage of those
different X-rays W. L. Bragg developed a method
for calculating their intensity in the case of a com-
plex space lattice.

If one has to summarize the contribution of the
Bragg’s to science, one has to mention that these
two investigators determined the crystal structures
of various materials, the wavelengths of the X-rays
and the distances between the successive planes,
placed with such exactitude, that the error, if any, is
probably at most some few units per cent. Thanks to
the methods that the Bragg, father and son, have de-
vised for investigating crystal structures, an entirely
new world has been opened and has already in part
been explored with marvelous exactitude.

In recognition of the great practical importance
of their method, the Nobel Prize in Physics in 1915
was awarded jointly to Sir William Henry Bragg and
William Lawrence Bragg “for their services in the
analysis of crystal structure by means of X-rays”.

Bulgarian contribution to X-ray
diffraction science

In the book of Ewald, devoted to the 50 year
anniversary of X-ray diffraction [5], the author
makes a comprehensive review of historical de-
velopments in the field, pretending to cover all
achievements over the world. Somehow the
Balkan region is scarcely mentioned. He describes
only an experiment on a mineral, employing the
Debye method, performed in Yugoslavia in 1947.
In the same text, Ewald admits that for countries
like Romania and Bulgaria there is nothing to be
said because of their isolation.
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Fig. 1. First X-ray diffractometer, used for research pur-
poses in Bulgaria

The very first experiments, performed in in
Bulgaria, date back from the time before World
War II. Bulgarian X-ray diffraction analysis is
closely connected with one very prominent and
distinguished scientist — Iwan Nicola Stranski, who
brought from abroad the first X-ray apparatus, made
by the “Siemens” company (Fig. 1). At that time,
Stranski was appointed professor at the Institute
of Physical Chemistry, belonging to the Bulgarian
Academy of Sciences.

Actually Iwan Nicola Stranski [9] (Fig. 2) left
a profound imprint on the world science record
with his famous theory of crystal growth (theory of
Kossel-Stranski) and he is the father of the Bulgarian

Iwan Stranski

Rostislaw Kaischew

school of physical chemistry. He studied chemistry
and graduated in Sofia in 1922, but he got his doctor-
ate in 1925 in Germany (at Physikalisch-chemische
Institut of the University, Berlin). His doctoral re-
search was devoted to X-ray spectroscopic analy-
sis. He started his career as lecturer in Physical
Chemistry at the Department of Physical Chemistry
Sofia University in 1926, becoming the first teacher
in physical chemistry in Bulgaria. In 1937 he was
the first elected Professor there. In 1941 Stranski
moved to Germany. During the years 1941-44 he
was visiting professor at the University and the TH
Breslau (now Wroclaw, Poland). In 1944 he became
a scientific fellow of the Kaiser-Wilhelm-Institut
fiir physikalische Chemie und Elektrochemie
(Kaiser Wilhelm Institute for Physical Chemistry
and Electrochemistry) in Dahlem, Berlin, becoming
its associate director in 1953. The TU Berlin made
him the successor to Max Volmer as professor of
Physical Chemistry in 1946. He taught at the Free
University of Berlin as an honorary professor un-
til 1963. Two research institutes in Germany have
been named after him: the Iwan N. Stranski Institute
of the TU Berlin and the I. N. Stranski Institute for
Metallurgy in Oberhausen.

Rostislaw Kaishev [10] (Fig. 2) was appointed
as assistant to Stanski in 1933. Both are the co-
founders of the contemporary theory of crystal
nucleation and growth. They both were connected
with Germany (Kaischew obtained his PhD in 1932
under the supervision of the famous F. Simon) and
their fruitful cooperation continues also by working
on the first X-ray diffraction experiments. In 1958
Kaischew became the founder of the Institute of
Physical Chemistry, within the Bulgarian Academy

Strashimir Dimitrov

Fig. 2. Bulgarian pioneers in X-ray diffraction analysis
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of Sciences, named after him today, and held the po-
sition of director there until his retirement in 1989.
The first publication with Bulgarian contribu-
tion, devoted to X-ray diffraction experiments
dated from 1939, on clay material, provided by
Strashimir Dimitrov, and were performed by
Kaischew. Dimitrov (Fig. 2) graduated in 1914
from Sofia University. He made a specialty of min-
eralogy and petrology in Heidelberg, Germany in
1927. His career is closely connected with Sofia
University, where he became a professor in 1941.
He was the Dean of the Department of mineral-
ogy and petrography. In 1947 Dimitrov became
one of the founders and director of the Geological
Institute of BAS, named today after him. His great
contribution to the Bulgarian science was recog-
nized by naming a mineral after him (Strashimirite
Cuy(4s0,) (OH) ;5(H,0)).

Advancement and achievements

If one can use the Nobel Prizes as a measure of
the recognition and significance of any scientific
field, here is the place to state, that since 1901, more
than 24 Nobel Prize holders belong to the family
of researches, connected with X-ray diffraction [1].
Even the Nobel Prize in chemistry for 2012 is evi-
dence of the great impact of the Laue’s discovery
on our daily life. Most of the recent progress is due
to the development of synchrotron sources, start-
ing in 1970. Nowadays there are more than 40 such
sourced all over the world. Thanks to the extended
possibilities, X-rays diffraction analysis is applied
in biology, earth and environmental science, soft
matter, polymers, complex and nanostructured ma-
terials sciences, in investigations of semiconduc-
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tors, surfaces, and interfaces, in chemical dynamics,
for ultrafast/time-resolved studies, etc. [11, 12].
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100 TOAMHM PEHTT'EHOBA JU®PAKIIMA: OT OTKPUTUETO
HA PLOHTI'EH 10O MOJIEPHUTE ITPUJIOXXEHNW A
HA CMHXPOTPOHHUTE U3TOYHULIA

B. Kpscres, I'. Excaep™

I Coghuiicku ynusepcumem ,, Ce. Knumenm Oxpudcku*, 6yn. ,, [oceiimc Bayyep “ Ne 5,
1164 Cogus, Bvreapus
? Kameodpa ,, Ekcnepumenmanna gusuxa“, @axynimem no (puzuxka u UHICEHEPHU MeXHON02UL,
1y, Haucui Xunenoapcku “, ya. ,, Lap Acen ™ Ne 24, 4000 IInosous, bvrcapus

Toctpimna pespyapu, 2013 r.; mpueta maii, 2013 1.
(Pesrome)

CrarusTa npukanBa uutatens na npocienu 100-roguniHaTa UCTOPHUS OT OTKPUBAHETO HA PEHTTCHOBUTE JIBYH,
HanpeabKa M JTOCTIKECHUATA TIPH TAXHOTO M3MON3BaHE W eeKTa BbpPXy HameTo exeqHeBue. OTnaBame IMOYUT Ha
OTKpHBATEINTE HAa PEHTTCHOBATa AN(PAKIM U MOAYePTaBaMe BAXHOCTTA HA TEXHUTE YCHUIINSA 32 CBBPEMEHHOTO HU
MO3HAHME [IPU U3CiIeaABaHe Ha MaTepusTa. CriennaiHo yBakeHne TpsioBa 1a otaaaeM Ha Makc ¢on Jlaye, koo npe3
1912 roauna ycTaHOBH, Y€ PEHTTEHOBUTE JIBUM CA €IEKTPOMArHUTHH 10 MPUPOJA C IOCTAaThUHO KbCH JBKHHN Ha
BBJIHHUTE 32 Ja IPeIU3BUKAT ANPPAKIH, KOTaTo IPEeMUHABAT MIPe3 eHa NepuoudHa KpuctanHa cpena. Ckopo cien
TOBa BaYKHOCTTA Ha HEroBaTa paboTa Oelle oIleHeHa BUCOKO W CIIe[ ABE TOAWHHU Toi Oe ymoctoeH ¢ Hobenosa Ha-
rpaga. B ceimata cdepa paboTsaT u qpyru aBTopuTeTHH yaeHH KaTo Chp Ymimam Xernpu bper u Yummawm Jloyperce
I'per, xouro momydaBat HoGenoBa Harpanma mpe3 1915 ,,3a TexHHA MPHUHOC 3a aHAIN3 HA KPHUCTAIHU CTPYKTYPH C
PEHTIeHOBH IpUK‘‘. B Bparapus crapTupaHeTo Ha peHTICHO-TU(PPAaKIIHOHHUS aHaJ i3 BOJM HayanoTo cu ot 1939 1.,
korato VBan Ctpancku u PoctucnaB KaunieB mpaBsST IbpBUTE eKCIIEPUMEHTH. EHA OT Hall-IbpBUTE MyOIUKAIIH
0T OBJNTapcKH aBTOPH IO Ta3W TeMa npuHamiexxu Ha Crpammmup Jumutpos B koiadopamnus ¢ Kanmes. B nnenrno
BpeMe PEHTTeHOBaTa AU(PAKIUS € HE3aMEHUM, YHUKAJICH METOJI 32 CTPYKTYPHH M3CIIEBAHMUS HAa HEOPTaHUIHU U Op-
TaHWYHYU MaTepHaIy, OnoMaTepuany, BKIoYBany 4oBemkoro JJHK, HaHOKOMIIO3UTH, 0COOCHO CTUMYIHpPAHH CIe]
pa3pabOTBaHETO U IyCKaHe B JielicTBHE HA ToBeue 0T 40 peHTIeHOBH CHHXPOTPOHHH N3TOYHHUKA I10 CBETA.
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Crystal chemical data for more than 100 compounds with “glaserite” type structure are summarized and evaluated.
A revised general formula for “glaserite” type compounds (GTC) is deduced — X )Y ., [M(TO,),]. It gives informa-
tion for two important structural characteristics of GTC. The first one is that main structural unit is the *[M(70,),]
layer where all the atomic positions are fully occupied. The second one is that the occupancy of X and Y positions
depends on the layer charge and these positions can either be both unoccupied, one can be entirely occupied whereas
the other is totally unoccupied, or both can be entirely occupied. Precise criteria for “glaserite” type topology (GTT)
are proposed distinguishing GTT from other topologies built by similar or identical layers. The range of structural
stability of the “glaserite” type compounds is outlined in terms of the established up to now cation composition and
site occupancy. The topological flexibility is evaluated through geometrical criteria based on the lattice parameters or
certain dimensional and angular correlations. The established compositional diversity, topological versatility and wide
range of formation conditions are good prerequisite for preparation of new materials adopting the “glaserite” topology

and estimation of certain physical phenomena such as temperature induced phase transitions.

Key words: glaserite, “glaserite” type topology, “glaserite” type compounds.

INTRODUCTION

The structure of the mineral glaserite was origi-
nally determined by Gossner (1928) [1] and con-
firmed later by Bellanca (1943) [2] and Pontonnier
et al. (1972) [3]. The structure of its synthetic ana-
logue was solved by Okada and Ossaka in 1980 [4].
Later on, it has been established that there are many
substances which are isostructural with glaserite. In
the course of gathering information for new com-
pounds with such topology different approaches
have been applied to describe this structural type.
Moore (1981) [5] reported that in glaserite, the
cations and anions form two types of columns in a
hexagonal arrangement: type I containing only, Na*
and K* cations and type II, containing both cations
and anions (K" and SO;"). Since the ions in each
column are tightly bound along its length, the struc-
ture has been considered as a hexagonal packing of
rods. Such an approach was applied by Takagy et
al. (1983) [6] for the structure of CaK,H(PO,), and

* To whom all correspondence should be sent:
E-mail: rosica.pn@clmc.bas.bg

418

used also by other authors, e.g. Lazoryak (1996) [7].
Later on, the results from investigations of various
physical phenomena (phase transitions without top-
ological changes, luminescence properties, etc.) oc-
curring in certain “glaserite” type compounds (GTC)
suggested that their structures can be considered as
alternating layers composed by corner-sharing oc-
tahedra and tetrahedra with or without additional
charge compensating cations [8—17]. An interest-
ing approach for presentation of the “glaserite” type
compound Ba,MgSi,0, was reported by Park et al.
[18]. The authors have derived its structure from
the perovskite one by considering variations on the
stacking of layers of the type AX, and AX,.

Upon accumulation of crystal chemical data
many authors have tried to classify the GTC and
clarify their structural features. Based on ap-
proximately 10 compounds known at that time
Moor (1973) and Eysel (1973) independently
from each other found out that “The glaserite
structure and its deformed derivatives can be
predicted for (A,C),BX, solid solution” [19, 20].
Later on, Lazoryak (1996) defined criteria for sta-
bility of the “glaserite” type topology and postulated
that “Glaserite structural type XY #SIMIEYEO,),
is stable for compounds where 0.59 < Ar < 0.89

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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(Ar = rX(Y) — rM; Shanon ionic radii)” [7]. The
superscripts denote the coordination number ex-
pressed in terms of the bond lengths between the
central cation and the ligand oxygen atoms.

Recently, it has been established that a synthetic
sodium zirconosilicate material -Na, H, Zr(SiO),.
yH,O (0<x<3, 0<y<l) exhibits a “glaserite” type
topology [21, 22]. Two features of this compound
attract attention. The first one is the presence of wa-
ter molecules in a structural topology known as an
anhydrous one. The second feature is related with
the possibility for protonation of this compound.
Sodium ions could be leached out upon treatment
with hydrochloric acid without destroying the
structural topology. Such behavior is indicative
of a “microporous” or a “layered” structure rather
than of a dense-packed one. To better understand
the crystal-chemical relation of this zirconosilicate
to other materials adopting “glaserite” topology a
search of such compounds in the available structur-
al databases has been undertaken [23, 24]. Detailed
analysis of the crystal-chemical characteristics of
the collected compounds has revealed the amazing
chemical diversity and structural versatility of the
“glaserite” materials.

This work summarizes data from the crystal-
chemical characterization of over 100 compounds
with “glaserite” type topology. All of them are ox-
ides. In fact, only one compound with “glaserite”
type structure and fluorine instead of oxygen was
found [3]. Precise criteria for GTT definition are in-
troduced. The general formula previously reported
for these materials [7] is reconsidered and new fea-
tures and limitations are added to it. The topologi-
cal flexibility is evaluated through introduced here
geometrical criteria. Based on the gathered crystal-
chemical information the range of structural stabil-

a  Z[M(TO4)2] layer

ity of the “glaserite” type compounds is outlined in
terms of the established up to now cation compo-
sition and site occupancy. This work is not an at-
tempt to classify the “glaserite” type compounds
but rather to comprise, to describe, and to evaluate
the chemical diversity and structural versatility of
the “glaserite” type topology.

RESULTS AND DISCUSSION

Crystal-chemical characterization of the
“glaserite” type topology

In this paper the layer model for description of
GTT is adopted as presented in Figure 1.

The TO, tetrahedron can be defined as a pri-
mary building unit of the “glaserite” structure
type. Three of the oxygen atoms of a TO, tetrahe-
dron are shared with the adjacent MO, octahedra,
whereas one oxygen atom is non-bridging. Each of
the M atoms is linked to six different TO, groups.
Repetition of such connectivity results in the for-
mation of a secondary building unit — a ?[M(70,),]
layer of corner-sharing MO, octahedra and TO,
tetrahedra (see Fig. 1a). The resulting construction
upon “glaserite” type stacking of the layers allows
the appearance of two additional cationic positions
(Fig. 1b and Fig. 2). For the highest symmetry case
they can be defined as follows: a twelve coordinated
position located between the layers and surrounded
by six oxygen atoms from one of the layers and six
more oxygens from the other layer (X)) (Fig. 2a)
and a ten coordinated position which is layer em-
bedded and surrounded by nine oxygen atoms from
the same layer and one oxygen from the adjacent
layer (Y1) (Fig. 2b). Such presentation of the X

b layer stacking

Fig. 1. Schematic presentation of the “glaserite” type topology: a) 2[M(TO,),] layer— top view; b) layers stacking —

side view and possible interlayer cations positions (X, Y)
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Fig. 2. Interlayer cations environment in the highest symmetry GTT case expressed in terms of the oxygen ligands
from the “upper” (filled circles) and the “lower” (empty circles) layer

and Y atoms coordination does not match the one
proposed by Lazoryak in his general formula —
Xty WAMIEQ,), [7]. It is because this author
applies the columnar model for description of the
glaserite construction. It is worth noting that the
multiplicity of the Y position in GTT is always
twice that one of X (X:Y=1:2).

The [M(TO,),] layer is common for a large
number of compounds e.g. Zr(HPO,),.2H,0 (aZrP)
[25], palmierite [26], A, ;MT,0, [27] and referenc-
es therein (Fig. 3).

In this work three essential structural charac-
teristics are introduced to strictly define the “gla-
serite” type topology and distinguish it from other
topologies with *[M(TO,),] layers. The first one is
that GTT does not contain additional atomic posi-
tions except the described M, T, X, and Y ones. For
example, the structure of Zr(HPO,),.2H,0 (aZrP)
provides opportunity for appearance of different
interlayer positions due to its well-known capabil-
ity for intercalation interrelated with the presence
of OH™ group at the free apexes of the TO, tetrahe-

dra (Fig. 3a). Another essential structural feature of
GTT is that the free tetrahedral apexes point outside
the layer towards the interlayer space. Up to now,
the authors applying the layer model in the descrip-
tion of GTT point out only that the unshared corners
of the tertahedra are oriented alternatively up and
down in direction perpendicular to the layer [4, 7-9,
16, 19]. In the “palmierite” type structures this rule
is observed however the free apexes point inside
the layer (Fig. 3b) and the consequences of this is a
different configuration of the charge compensating
cations (see the stacking sequence of palmierite in
[19]). The third one is that the layer stacking in GTT
is realized without bridging oxygen atoms as shown
in Fig. 1b. In contrast, in the A, ; MT,0, compounds
(Fig. 3c) the [M(TO,),] layers are linked by a bridg-
ing oxygen atoms leading to less pronounced charac-
teristics of layeredness as compared with the GTT.
Quite obviously the 2[M(T0O,),] layer charge de-
pends on the type and valence of the M and T posi-
tioned cations. On its side, the layer charge is pre-
determining the occupancy, type, and valence of the

a oZrP [Zr(HPO4 2] b

palmierite KPb(SO4)2

¢ Na2ZrSi207

Fig. 3. Non-GTT compounds containing *[M(T0O,),] layers. Filled circles in Fig. 3a denote hydrogen atoms. Na,ZrSi,0,
is a representative of the group of compounds with general formula A, ; MT,0,
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X and Y positioned cations. Thus, when the layer is
electroneutral both charge compensation cation po-
sitions will be unoccupied. In all other cases either
X, or Y, or both X and Y positions will be occupied
by appropriate in charge cations. Lazoryak’s gener-
al formula, however, does not provide information
about the cationic positions occupancy and their
actual coordination in case of structural deviations
from the highest symmetry.

Thus, a reconsideration of the general formula
of GTC has been undertaken in terms of the postu-
lated above essential structural features for GTT. A
check-up in the available structural data bases has
been performed and some of the results are sum-
marized below.

» among the compounds adopting GTT there are 5
minerals and more than 100 synthetic compounds;

* altogether 47 elements from the periodic table
can occupy the established four cationic positions
(X, Y, M, and T) in the studied group;

* the T position (always fully occupied) includes
the following elements: transition metals (V, Cr,
Mo, W, Re, Fe, Ru) and non-metals (Si, P, S, Se).
Altogether — 11;

* the M position (always fully occupied) is taken
by: alkali metals (Na), alkali earth metals (Mg, Ca),
transition metals (Sc, Y, Ti, Zr, Hf, V, Cr, Mo, Mn,
Fe, Co, Ni, Cu, Zn, Cd) including lanthanides (Gd,
Tb, Dy, Ho, Er, Tm, Yb, Lu), and poor metals (Al,
In, T1, Ge, Sn, Sb). Altogether — 32;

* if occupied the X and Y positions are taken by
alkali metals (Na, K, Rb, Cs), alkali earth metals
(Ca, Sr, Ba), transition metals (Ag), and poor metals
(T, Pb). All of them — 10;

e the ?[M(TO,),] layer charge can take up the
following values: 0, -1, -2, -3, -4, —6;

Based on the performed crystal chemical review
a precise general formula (GF) for “glaserite” type
compounds can be deduced and presented as fol-
lows: X )Y o) [M(TO),] (X+Y =0; 1;2; 3; M= 1;
T =2). Additional limitations and variety ranges for
the general formula are presented in Table 1.

The amazing compositional diversity, the possi-
bility for some chemical elements to occupy more
than one cationic position (sometimes even in a sin-
gle compound), the availability of mixed cationic
positions, and the opportunity for X and Y to be
both either free (unoccupied) or entirely occupied
bring to a great variety of records for the general
formula. Table 2 presents derivatives of the as intro-
duced GTC general formula in accordance with the
specificity (see third column) and occupancy of the
cationic positions X, Y, M, and T (“conditions”).
Each one is illustrated with the long and short for-
mula of a particular “glaserite” compound in order
to clarify the way the empirical chemical formulas
for certain GTC can be derived. The last column
shows the number of compounds found in the avail-
able structural data bases.

The distribution of GTC in groups according to
the specificity of the cationic positions reveal that
the conditions indicated in lines 2 and 4 of Table
2 are most favorable for the formation of such ma-
terials. According to the X and Y positions occu-
pancy three groups of GTC can be differentiated.
There are only 8 compounds with electroneutral
layers and free X and Y positions. In 45 compounds
only the X position is occupied (always completely)
and 55 other phases contain both X and Y cations
(full occupancy). Up to now only one compound
— K,Zr(PO,), (line 7 in Table 2) is established in
which the Y position is occupied whereas the X one
is free. This is indicative that the X position is more
occupationally preferred than the Y one.

The proposed crystal-chemical formula does not
contain information about the coordination numbers
of the charge compensating cations since these val-
ues are not constant (Table 1, last column). These
are strongly influenced by the structural deviations
from the highest symmetry case for GTT occurring
upon variations of the cationic positions specificity
(Table 2). In some GTC H atoms are added to the
chemical formula to overwhelm the spatial limita-
tions affecting the charge compensating cations.

Table 1. Limitations and variety ranges of the GTC general formula X )Y ., [M(TO,),] (X+Y =0; 1; 2; 3;)

number of elements occupying

valence of elements occupying

Cation position the position the position CN (BVS)*

X 0;1;2 1+, 2+ 6,7,8,9,10,12
Y 0;1;2 1+, 2+ 4,5,7,8,9,10, 12
M 1;2 1+, 2+, 3+, 4+ 6

T 1;2 4+, 5+, 6+, 7+ 4

* The coordination number CN is determined on the basis of the bond valence sums (BVS) after testing each CIF file with the sof#

BV 0.96 software [28]
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Table 2. Derivatives of the general formula X
the cationic positions (X, Y, M, and T)

(@:1)

Y .2 [M(TO,),] in accordance with the specificity and occupancy of

No General formula Conditions Examples Ref. Number
Long formula Short formula of GTC

1 XY,[M(TO,),] X£Y#M#£T BaNa,[Mg(PO,),] BaNa,Mg(PO,), [12] 12
XY,[M(TO,),] X=Y#M#£T AgAg,[Fe(VO,),] Ag;Fe(VO,), [29] 31
XY,[M(TO,),] X#Y; X=M; Y#M#T NaK,[Na(S0,),] = KNaSO, 2] 1

K,Na,(S0,),

4 XY [M(TO,),] X#M#T; Y=0 RbO[Fe(Mo0O,),] RbFe(MoO,), [30] 41
(X1,X2)Y [M(TO,),] XI#X2#M#T; Y=0  (Ba,,Sr,,)[Zr(PO,),] Ba, ;St,,Zr(PO,), [31]
X(Y1,Y2),[M(TO,),] X=Y1#Y2;Y2=M#T Ba(Ba,.Na,,),[Na(PO,),]= BaNaPO, [32] 4

Ba,Na,(PO,),
X Y,[M(TO,),] Y#M#T; X=0 UK, [Zr(PO,),] K,Zr(PO,), [33] 1
X Y [M(TO,),] M#T; X=0, Y=0 [ [Ni(ReO,),] Ni(ReO,), [34] 7
X Y [M(T1,T20,),] M#TI; T1#T2; X=0, 00[Zr(Mo,WO,),] Zr(Mo,WO0,), [35] 1
Y=0

10 XY [(MI,M2)(TO,),] X#MI#M2#T; Y=0  KI[1[(Mg, Zr);)(M0oO,),] K(Mg,Z1,)(MoO,),  [36] 1

11 XY,[M(TO,),] X=Y=M#T TITL[TWO,),]= TI(WO,), TLWO, [37] 2

12 XY,H[M(TO,),] X=Y#M#T NaNa,H[Mg(PO,),] Na,HMg(PO,), [38] 5

13 XY H[M(TO,),] X#M#£T; Y=0 KOH[Zr(PO,),] KHZr(PO,), [39] 2

For example, in Na,HZr(GeO,),, K;HCa(PO,), and
Na,;HMg(PO,), this occurs on the account of a ran-
domly attached to the framework hydrogen [40—42].
The Na, H,, Zr(Si0O),.yH,0O material also accom-
modates charge compensating H* as well as water
molecules in its structure [21, 22]. Interestingly,
the water is trapped between the charge compensat-
ing Na atoms and not positioned in the interlayer
space, the way this occurs in the aZrP. Since the
Na, H,, Zr(Si0),.yH,0 material does not exhibit
rehydration or intercalation properties we are prone
to classify this zirconosilicate as a GTC.

No doubt, the cations radiuses play a key role
for the structural versatility and range of stability
of GTC. As reported in the Introduction section
in 1996 Lazoryak defined criteria for stability
of “glaserite” type topology and postulated that
“Glaserite structural type is stable for compounds
where 0.59 < Ar < 0.89 A (Ar = r X(Y) — tM;
Shanon ionic radii). When this difference de-
creases, metastable or f-K,SO,-like structures are
formed” [7]. Later on, Morozov et al. expanded
the lower limit of the range to 0.375 < Ar<0.89 A,
reporting the structure of Na,Fe(PO,), [43]. As a
result of the performed here review of GTC this
range is further expanded and can be written as
0 < Ar < 1.345 A. The lower value is obtained for
the structure of TLWO, [37] and the upper one —
for CsAl(MoO,), [44].
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The “glaserite” layer stability
and structural flexibility

Inspection of the collected structures brought
forward certain facts and observations and suggest
that the main structural motif of the investigated
materials is the 2[M(70,),] layer. One example
concerns compounds which undergo phase transi-
tions upon thermal treatment without destroying
their topology. It was noticed that this process af-
fects noticeably only the environment of the charge
compensating interlayer cations. The adjacent lay-
ers may mutually off-shift when a phase transition
occurs but the layer structure itself remains almost
intact and only slight deviation can be detected for
the bond distances and angles of the atoms constitut-
ing them. The XO, and YO, polyhedra in the higher
temperature phases (HTP) have higher symmetry
and are larger in volume than the corresponding
coordination polyhedral in the lower temperature
phases (LTP). The latter ones exhibit noticeable
non-equivalence in the bond lengths. In general, the
thermal expansion of the XO, and YO, polyhedra
is most pronounced in the direction perpendicular
to the layers. An expected effect of the bond dis-
tances elongation occurring in the HTP is the low-
ering of the bond valence sums calculated for the
charge compensating cations there as compared
to those ones obtained in the LTP. K;Na(SeO,),,
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K;Na(RuO,),, BaZr(PO,), are “glaserite” type ma-
terials which undergo phase transformation upon
thermal treatment and the comparison of their high
and low modifications characteristics is a pretty fair
illustration of the above said [10, 45, 46]. The struc-
tural transformations that occur with the latter com-
pound are such that the charge compensating Ba even
changes its coordination number from 10 (LTP) to 12
(HTP) thus making its bonds with the layer weaker.

As mentioned above in some “glaserite” type
compounds the layers are electroneutral and their
structures do not contain charge compensating cati-
ons, i.e. X and Y are vacant: Ni(ReO,),, Co(ReO,),,
Zn(Re0O,),, Mn(ReO,),, Zr(Mo,WO,),, Zr(Mo0,),,
Hf(MoO,),, [34, 35, 47, 48]. The lack of any bonds
between the layers provide for their compara-
tively high mobility and various opportunities for
mutual orientation. Thus, a remarkable number
of different polymorphs of Zr(MoO,), with GTT
have been reported in the literature ([47, 48] and
references therein).

In general, GTC with compositionally identical
layers and various in size charge compensating inter-
layer cations are interesting because they illustrate
the “layer-splitting” role of the latter. The intralayer
cations are, in fact, framework cations and hence,
it is possible to calculate the framework density
(FD) of such compounds the way this is made for
microporous materials (FD = number of framework
cations per 1000 A?). Best candidates for this proce-
dure are GTT orthophosphates, orthovanadates and
orthotungstates of rare earth elements (REE) and
differing in size alkali elements (rK < rRb < rCs)
with general formula XY ., [M(TO,),] (X,Y =K,
Rb, Cs; M = Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu; T =P,
V, W). These materials have been investigated in
details by many authors and although not all theo-

retically possible structures have been experimen-
tally observed or refined, there is sufficient amount
GTC with refined lattice parameters and chemical
formulas to perform such calculations [13—-17]. As
expected the FD values drop with the increase of the
alkali cation radius. For example, in K,RbGd(VO),
[16] this value is 12.8 whereas in Rb,Gd(VO), [14]
FD = 12.5. Another examples are KAI(MoO), [49]
(FD = 15.94) vs. CsAl(Mo0O), [44] (FD = 13.99);
NaCr(CrO), (FD = 18.98) — KCr(CrO), (FD =
16.88) — CsCr(CrO), [50] (FD =16.11), etc. In prac-
tice, the “layer-splitting” role of the interlayer cat-
ion was noticed for M;Ln(PO,), compounds (M =
K, Rb, Cs) in terms of the correlation between their
hygroscopicity and the alkali cation radius. Most
hygroscopic are the Rb and Cs phosphates [13].

As a whole, the “glaserite” topology is quite
flexible and able to endure deformations preserv-
ing however its main structural motif. This is mani-
fested through a variety of symmetry related Space
Groups in which the members of GTC crystalize,
e.g. P-3m — C2/m — P2/m — P—1 or C2/c — P2/c etc.

The flexibility of GTT can be expressed by com-
paring unit cell parameters which actually describe
the translational symmetry of each particular crystal
structure. For many GTC two crystallographic unit-
cell parameters lie within the plane of the layer and
hence, the a and b parameters are assumed to de-
scribe the intralayer translational symmetry, where-
as the ¢ parameter describes the stacking sequence
repetition. For structures with a and b inclined to
the plane of layer appropriate coordinate-system
transformations are performed as to meet the above
assumption. Therefore, the a and b parameters are
related with the layer dimensionality and the value
of their ratio is indicative for the degree of intra-
layer deformation (Fig. 4a).

Fig. 4. GTT flexibility expressed in terms of lattice parameters ratios: a) two cell choices within the layer; b) sche-
matic presentation of the magnitude of deformation within the layers and along their stacking
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A AA Al\

-y 1

< 4

M-m distance = 1.095 A
m/o angle = 45.99°

M-m distance = 0A
m/o angle = 29.40°

Fig. 5. Torsion of *[M(TO,),] layer in terms of the relationship between atoms and planes. a) glaserite K;Na(SO,),;

b) CsSb(VO,),; ¢) Na,HZr(Si0,), x 0.2H,0

On the other hand, the ¢ value refers to the flex-
ibility of the layer stacking. The highest possible
symmetry of GTT is P-3m. In this “ideal” case of
hexagonal setting a, = b, or in the case of orthogo-
nal choice the cell used is characterized with the ra-
tio a;:b, = \3 (Fig. 4a). For the studied compounds
the a,b, ratio deviates from the “ideal” value of /3
within the range 0.001 to 0.247 for BaNa(PO,) [51]
and KM(SeO,), [52], respectively. On the other
hand, the value of the ¢ parameter varies between
5.285(1) A in 8Zr(MoO,), [47] to 25.409(4) A in
KSb(PO,), [53]. From these figures it can be con-
cluded that similarly to other layered structures
the deformation in GTT is anisotropic being more
pronounced in direction of the layer stacking rather
than within the layer (Fig. 4b).

Another set of parameters characterizing the top-
ological flexibility is presented in Fig. 3 on the ex-
ample of three particular GTC. By considering the
2[M(TO,),] layer two planes can be clearly defined:
the mean plane defined by the M atoms — denoted
here with (m) and the plane defined by the three
bridged oxygen atoms from a given TO, tetrahedron
is denoted here with (o). In the “ideal” case all M
atoms lie in a single plane and both m and o planes
are parallel to each other (Fig. 5a). However, de-
viations from these values are possible as the maxi-
mum measured distance of M atom from the mean
m plane is 1.09 A and the largest established angle
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between o and m planes is 45.99° for CsSb(VO,),
[54] (Fig. 3Db).

Obviously, the chemical diversity and structural
versatility of GTC are closely related and depend
also on the formation conditions which impress
with the broadness of their range. Thus, three of
the minerals are products of volcanic fumarolic
activity e.g. glaserite (aphthitalite) — K,Na(SO,),
[1-3], yavapaiite — KFe(SO,), [55], eldfellite —
NaFe(SO,), [56]. Merwinite — Ca,Mg(SiO,), is of
scarn origin (high temperature, low pressure contact
metamorphic zones with marbles) [57]. Brianite —
Na,CaMg(PO,), is an exotic find established only
in meteorite rocks [58]. The synthetic compounds
can be prepared through a great variety of methods
(from solution, hydrothermally, solid state reac-
tions, electrosynthesis, efc.) and within temperature
ranges from room temperature to 1800 °C.

The established compositional variety and wide
range of formation conditions are good prerequisite
for preparation of new materials adopting the “gla-
serite” topology.

CONCLUSIONS

Crystal chemical data for more than 100 com-
pounds with “glaserite” type structure have been
summarized, analyzed, and evaluated. A revised
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general formula for “glaserite” type compounds
has been deduced — X )Y, [M(TO,),] (X+Y =
0; 1; 2; 3;). It gives information for two important
structural characteristics of GTC. The first one is
that main structural unit is the ?[M(70,),] layer in
which all the atomic positions are fully occupied.
The second one is that the occupancy of X and Y
positions depends on the layer charge and these po-
sitions can either be both free, separately or both of
them entirely occupied. Additional limitations and
variety ranges of the general formula are presented
with respect to the cationic characteristics most im-
portant of which is the great variety of coordination
numbers for the X and Y positions.

Precise criteria for the “glaserite” type topology
are proposed distinguishing it from other topologies
constructed by similar or identical layers. One of
them is that the free apexes of the layer constructing
tetrahedral should point outside the layer towards
the interlayer space and another one is that the lay-
ers stacking should be realized without bridging
oxygen atoms.

The range of structural stability of the “glaser-
ite” type compounds is outlined in terms of the es-
tablished up to now cations composition and site
occupancy. The topological flexibility is evaluated
through purposely introduced here geometrical pa-
rameters based on the lattice parameters or certain
dimensional and angular interrelations.

The established compositional diversity, topo-
logical versatility and wide range of formation
conditions are good prerequisite for preparation of
new materials adopting the “glaserite” topology and
estimation of certain physical phenomena such as
temperature induced phase transitions.
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KPUCTAJIOXUMUA HA CBEJUHEHUA C “GLASERITE” TUII CTPYKTYPA

P. Huxomnosa*, B. Koctos-Kutnn

Hremumym no munepanoaus u kpucmanoepagus, bvieapckama akademus Ha Haykume,
ya. ,,I. Bonues®, 6n. 107, 1113, Cogpus, bvreapus

Tocrenmna ¢espyapu, 2013 r.; npuera mait, 2013 r.
(Pesrome)

O00011eHH 1 ca KPUCTAJIOXMMUYHHM 1aHHN 3a oBeue oT 100 cretuaenwus ¢ “glaserite” tum crpykrypa. [Ipeanoxena
€ peBU3MpaHa KpucTanoxumuynara obma gopmyna na “glaserite” tun cvenunenus (GTC) — X )Y ., [M(TO,),],
KOSITO J1aBa MH(opManus 3a 1Be BaKHHU CTPYKTYpHH Xapakrepuctuku Ha GTC. [TppBara e, ue oCHOBHATa CTPYKTypHa
SIIMHHMIIA B TO3HU TUII ChbeAUHEHUS ¢ coif — 2[M(T0,),], B KOITO BCHYKN aTOMHY ITO3UIINH Ca HAITBIHO 3aeTH. Bropara
e, 4e 3aeTocTTa Ha X M Y MO3MILMH 3aBHCH OT 3apsi/ia Ha CJIOSI M TE3H MO3MIMKM MOTaT WIN Aa ObJaT U3ISII0 3aeTH U
JIBETE 3a€/IHO WJIM IO OTJIEITHO, KaTo 1 Jla ObaT He3aeTH, ako 3apsijia Ha cJios ¢ HyJieB. [IpeuioskeHn ca ToOuHH KpuTe-
pun 3a “glaserite” tun Tononorus (GTT), kouro nmo3sossBaT pasrpannyaBane Ha GTT ot npyru TakuBa, n3rpajeHu
OT CXOJ/IHU WJIM €IHAKBH CiIoeBe. [ paHUINTE HAa CTPYKTypHa CTaOMIHOCT Ha “glaserite” THIT CheMHEHHS € OIUCaH
OT IJIeJIHA TOYKAa HAa YCTAaHOBEHUTE JI0 Cera KaTHOHEH ChCTAB M 3a€TOCT Ha MEXIYCIONHUTE KaTHUOHHU MO3UIIUU.
BwamoxnocTute 32 nedopmanus Ha GTT npu 3amazBane Ha OCHOBHUTE M XapaKTEPHCTHKH € OI[CHEHa Ype3 TeoMeT-
PUYHU KPUTEPUHU, OCHOBAHU Ha PEIIETHYHH MapaMETPH U ONPECIICHH Pa3CTOSHUS U BIVIOBH. Y CTAHOBEHOTO TOJISIMO
pa3HooOpa3ue B CTPYKTYpHHTE TapaMeTpH, XUMUYHUS ChCTaB U yCIOBUsITA HAa 00paszyBaHe Ha “glaserite” THIl cheTu-
HeHUs ca 1o0pa MpeINocTaBKa 3a IMojiyyaBaHe Ha HOBU MaTE€pHaIIU € TI0100Ha TOTIOJIOTHS, IIpe/iIaralia Bb3MOKHOCTH
3a HEPCKOHCTPYKTHBHH (pa3oBU mpexomau. KirouoBw maymu: riaa3eput, “‘glaserite” tun Tomomyorus, “glaserite” tumn
ChEIUHEHUSI.
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Three different synthesis techniques were applied in order to prepare ZnO powder samples with different crystal-
lite size. The first method is thermal decomposition of Zn(NO,),.6H,0. The second synthesis method is a sucrose-as-
sisted solution combustion method. The third technique used is ultrasound assisted precipitation. A short-time thermal
treatment is used to obtain ZnO materials with the required mean crystallite size. Materials were studied by means
of powder XRD and TEM. The detailed morphology of the materials was first studied by XRD utilizing the special
features of Fullprof program. This study revealed that different synthesis methods lead to products with different
morphology. Materials obtained by the first method have an average crystallite size of 130—-150 nm with irregular but
isometric shape of the crystallites, while those obtained by the second method are almost spherical particles with size
of about 30-40 nm. Regardless of the similar average crystallite size of the material obtained by the third method, its
morphology is spindle-like, derived from different broadening of the XRD lines. The results from XRD analyses were
confirmed by TEM observations. The influence of crystal morphology on the performance of ZnO as a main active
material in zinc electrodes is discussed.

Key words: ZnO, synthesis, morphology, zinc electrodes.

INTRODUCTION properties. It was established that the properties and
possible applications of the ZnO are strongly influ-
enced by structure and morphology of the obtained
products which depend on the method of synthesis
and synthesis conditions [9-11]. Therefore, it is im-
portant to synthesize ZnO with different size and
morphologies to explore its performance for certain
applications. Experience in the use of ZnO in alka-
line secondary batteries shows that many of the bat-
tery problems are related to the physical and elec-
trochemical properties of ZnO. As an example, the
initial morphology of the active ZnO anode material
was found to influence strongly the electrochemical
performance of the battery altogether. For exam-
ple, the use of ZnO with prismatic shape improves
the cycling life of the battery [12]. Many synthe-
sis techniques are known for the ZnO preparation.
Recently, several soft chemistry (chimie douce)
methods have been developed, allowing modifica-
tion of the morphology and the particle size, by af-
fecting diameters and aspect ratios of ZnO particles.
* To whom all correspondence should be sent: The aim of the present work is to obtain ZnO na-
E-mail: didka@svr.igic.bas.bg nomaterial and to investigate the relation between

In recent years, many studies have been focused
both on the synthesis and the morphological-struc-
tural characterization of new functional materials.
Zinc oxide (ZnO) is a challenging inorganic ma-
terial with various applications in many industrial
branches, namely: in ceramic and rubber produc-
tion; in electronics — for field emitters, gas sensors,
ultraviolet lasers, solar cells, piezoelectric and op-
toelectronic devices; in chemical industry for pho-
tocatalysts; in energy production — for hydrogen-
storage and alkaline batteries; and in environmen-
tal protection as biosensors, etc. [1-8]. Zinc oxide
micro- and nanoparticles have attracted great inter-
est due to their unique and remarkable chemical,
electrical, mechanical, optical, and piezoelectric

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 427
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its morphological characteristics and electrochemi-
cal properties. In the present work we also explore
the ability of X-ray diffraction to obtain information
about the crystallite morphology. This is possible
by crystal structure refinement using the Rietveld
method, where crystallite size and morphology are
modeled with spherical harmonics.

EXPERIMENTAL

Three different techniques were applied in or-
der to prepare ZnO powder samples with different
crystallite size and morphology. The first method is
thermal decomposition of Zn(NO,),.6H,0. Aqueous
solution of initial nitrate was placed in glass beaker
and heated till evaporation. The obtained powders
were heat-treated in air at 400 or 500 °C for 1 hour.

The second synthesis method is sucrose-assisted
solution combustion method. For this purpose a
Zn(NO,),.6H,O solution was mixed with sucrose-
in-water solution in 1:1 ratio oxidizing to reduce
the power ratio of the corresponding nitrates and
organic fuel [13, 14]. The solutions were placed on
a heating plate until evaporation of the water. After
that, a foamy mass was formed, which produces an
amorphous powder oxide material. The calculated
average crystallite size of the as prepared sample
is 5 nm. Consequently, materials were thermally
treated in air at 350, 400 and 500 °C for 1h. Finally,
the materials were grinded for homogeneity.

The third technique used is ultrasound-assisted
precipitation. The sonication of the precipitate was
performed by a 20 KHz, 750W ultrasonic processor
SONIX, USA. The total sonication time was from
5 to 30 minutes. The obtained product was repeat-
edly washed with distilled water, filtered and finally
dried at 80 °C.

Powder XRD patterns were recorded at room
temperature on a Bruker D8 Advance diffractom-
eter with Cu K radiation and LynxEye detector.
TEM investigations were performed by transmis-
sion electron microscope JEOL 2100 at 200 kV ac-
celerating voltage.

Electrochemical charge-discharge characteristics
were collected using specialized laboratory cycling
equipment allowing galvanostatic mode charge and
discharge, as well as mixed mode constant current/
constant voltage. Nickel electrode was commer-
cial cathode produced in Bulgaria. Zinc electrode
is prepared by introducing the zinc paste on the
matrix (modified metallic or conductive ceramic
composite). The pasted electrode is dried at 90 °C
for 2 hours and then is pressed under 30 MPa for
2 min. Electrodes in the cell package are separated
by a microporous polymer separator and immersed
in alkaline (7M solution of KOH) electrolyte.
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RESULTS AND DISCUSSION

This study revealed that different synthesis
methods lead to products with different size and
morphology. The diffraction patterns of ZnO ma-
terials obtained by the three methods are presented
on Fig. 1. According to the X-ray diffraction pat-
terns the products obtained through the first method
are single phase ZnO. The average crystallite size
of this material heated to 400 °C is about 100 nm. The
increase of the temperature up to 500 °C leads to an
increase in the crystallite size to about 150-200 nm.

The powders of ZnO prepared by the second
method have crystallite size of about 6 nm. Additional
heating to 400 and to 500 °C leads to an increase of
crystallite size up to 10-12 and 25-30 nm, respec-
tively. After one hour heat treatment at 600 °C, the
sizes of crystallites were 45—50 nm. Thus this meth-
od allows easy preparation of ZnO material with
predefined crystallite size.

The calculated mean crystallite size of the ZnO
powders prepared by the third method is 24 nm.
After thermal treatment at 600 °C for 1 h the mean
crystallite size increases to about 50 nm. Powder
diffraction pattern indicates the morphological pe-
culiarities of this material. The diffraction peaks
with indices (001) are significantly narrower than
those with other indices, which mean larger size in
this direction indicating rod-like or needle-like mor-
phology of the crystallites.

The calculated crystallite sizes within the main
directions and the calculated mean crystallite sizes
are summarized in Table 1. The crystallite sizes
within the main directions were estimated by sin-
gle line fitting of the corresponding peaks with the

5
=
S ®
L U S BN
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30 I 4I0 l 5'0 ' GIO I 70

20 [deg.] CuK

Fig. 1. XRD powder patterns of the materials obtained by
the a) — decomposition; b) combustion; ¢) sonochemical
methods
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Tablel. Calculated crystallite size within main directions of ZnO obtained by different methods

. 100 002 101 110 Mean
Line (nm) (nm) (nm) (nm) (nm) Do/ Peron
ZnO — sonochemical as prepared 22 36 22 22 24 1.63
ZnO — sonochemical, heated 50 62 49 44 48 1.24
ZnO — combustion 52 49 46 50 47 0.94
ZnO — combustion (doped) 55 42 50 49 46 0.76
ZnO — decomposition 145 192 116 153 144 1.32

program Topas 4.2 [15] using the fundamental pa-
rameters peak shape description including appro-
priate corrections for instrumental broadening and
diffractometer geometry.

Microstructural effects of materials may sig-
nificantly hinder the successful crystal structure

determination via Rietveld refinement method.
The standard peak profile functions as well as the
Caglioti equation fit patterns of materials with iso-
metric crystallites well, but when the morphology
is somehow different from the spherical symmetry
some peaks of the diffraction pattern could not be
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Fig. 2. Rietveld plot for ZnO obtained by the sonochemical method with the use of a) isotropic model for size broaden-

ing and b) using spherical harmonics
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fit so good. As a result the refined structural param-
eters and their standard deviation may have values
different from the expected ones for a well balanced
structure. Such refinement may lead to unacceptable
interatomic distances and highly distorted coordina-
tion polyhedra. Figure 2 illustrates the influence of
microstructural effects by showing two Rietveld
plots resulting from refinement of the crystal struc-
ture of ZnO using a) an isotropic model for size ef-
fects, and b) an appropriate crystallite morphology
modelling.

The morphology of the materials synthesized by
the three methods was first studied by XRD apply-
ing the special features of Fullprof [16] program.
The microstructural effects in the program are in-
troduced into the line broadening. For this purpose,
instrumental and sample profiles are described by
a convolution of Lorentzian and Gaussian func-
tions, thus ensuring the simultaneous treatment of
size and strain contribution to the line broadening.
Spherical harmonics (SPH) are used for modeling
the shape of the particles. Spherical harmonics are
the angular parts of some solutions to Laplace’s
equation and they are widely used in different field
of physics as a tool for gravitational, electric and
magnetic fields description. In quantum chemistry
they represent the atomic orbital electron configu-
rations. Recently, spherical harmonics are used in
the computer graphics in lightening effects and rec-
ognition of 3D shapes. The explicit formula for the
SPH treatment of size broadening in Fullprof is the
following [17]:

A A
= = AimpYim @,CD
! Dicos @ COSQ% imeyine(Or, )

-

Fig. 3. TEM photograph of ZnO prepared by the decom-
position method
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Where f, is the size contribution to the integral
breadth of reflection 7%, and y,, (©, @) are the real
spherical harmonics with normalization. For the
proper use of this particular treatment of line broad-
ening the instrumental resolution function should
be preliminary determined by collecting the powder
diffraction pattern of a standard sample with high
crystallite size. After refinement of the coefficients
the program calculates the apparent size (in ang-
stroms) along each reciprocal lattice vectors.

It should be mentioned that the effect of the crys-
tallite size on the broadening of diffraction lines is
negligible for large crystallites (above 200 nm). As
a result the attempt for modeling the size for the
sample prepared from nitrate decomposition was
not successful. Therefore, Transmission Electron
Microscopy was used to confirm the findings of
X-Ray diffraction. TEM photograph of the sample
prepared by the decomposition method is present-
ed on Fig. 3.

Figure 4a shows the XY, XZ and YZ projection
of the “mean” crystallite as derived from XRD line
broadening for ZnO prepared via the combustion
method. TEM photograph of the ZnO prepared by
this method is presented on Figure 4b. It can be seen
that the particles are isometric, and that the shape
derived from XRD analysis fits well with the shape
observed in TEM.

a)

Fig. 4. a) XY, XZ and YZ projection of the “mean” crys-
tallite, derived from the XRD line broadening for ZnO
prepared via the combustion method; b) TEM photo-
graph of ZnO prepared via combustion method
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a)

b)

<)

Fig. 5. a) The XY and XZ projection of the partic-
les,derived from XRD line broadening for ZnO prepared
via sonochemical method; b) TEM photograph of ZnO
prepared by the sonochemical method; c¢) detail of the
TEM photograph of ZnO prepared by the sonochemical
method

A different morphology was observed for sam-
ples prepared via the sonochemical method. As it
can be seen on Figure 5, both analytical methods
give similar results representing spindle-like parti-
cles with different sizes within different crystallo-
graphic directions. The details in TEM photographs
revealed also that spindle-like crystallites aggregate
together within particles with same shape. Each big
particle (with a size of about 200 nm) in fact con-
sists of several smaller crystallites.

The electrochemical cycling behavior of past-
ed zinc electrodes with ZnO prepared by different
methods is presented in Figure 6. The charge/dis-
charge capacity of electrode with ZnO prepared via
combustion method shows good stability during cy-
cling as well as good capacity retention at different
charge/discharge current rates. The initial capacity
value for this material is about 200 mAh/g and de-
creases gradually to 180mAh/g within 50 charge-
discharge cycles at C/5 rate, where C is the theoreti-
cal capacity of ZnO (978 mAh/g). The increase of

the discharge rate to C/1.5 at charge rate C/2.5 lead
to decrease of the capacity to about 75 mAh/g with-
in the next 90 cycles. When the initial charge/dis-
charge rate is restored, the capacity increases to its
initial values. Cycling efficiency of this electrode is
about 90-95%. Analogous behavior but higher val-
ues for the charge and discharge capacities (about
240 mAh/g) were observed for the capacity during
cycling of electrodes with ZnO prepared via the
sonochemical method. The dependence of charge
and discharge capacity of the corresponding cell on
cycle number demonstrates good electrochemical
characteristics and cycling behaviour but relatively
lower cycling efficiency (80-85%), compared to
the zinc electrode with ZnO synthesized by com-
bustion method. Nevertheless, the initial capacity
of the ZnO prepared by decomposition method is
relatively low (about 100 mAh/g) while the capac-
ity fade during cycling is also very low.
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Fig. 6. a) Capacity during charge/discharge of electrode
made with ZnO prepared via the combustion method;
b) Capacity during charge/discharge of electrode made
with ZnO prepared via sonochemical method
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CONCLUSIONS

Compared to the conventional ZnO, nanosized
ZnO anode material in Ni-Zn batteries shows better
electrochemical characteristics — higher capacity
and long cycling life. The reasons for such behav-
ior could be attributed to higher specific surface
area of the electrode prepared from nanoparticles
thus ensuring better contact with the electrolyte.
The morphology of the particles also influences
the electrochemical behavior. ZnO with spindle-
like particles showed higher capacity but lower
electrochemical efficiency compared to ZnO with
isometric particles.
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PEHTT'EHOI'PA®CKO U TEM XAPAKTEPU3NPAHE HA MOP®OJIOTUATA
HA ITPAXOOBPA3EH ZnO, ITOJIYUEH I10 PA3JIMYHA METOI

M. MapkoBa-Bennukosa', C. Benesa?, B. Tym6aines', JI. CtosiHOB?,
J. Huxtsaosa!®, M. Mnanenos?, P. Paiiues?, J|. KoBaueBa'*

! Uuemumym no Obwa u neopeanuuna xumusi, BAH — yn. Axao. I'. bonues, 61 11
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3 Unemumym no Munepanozus u kpucmanoepagus, BAH — yn. Akao. I'. Bonues, on 107

Tloctpnmna pespyapu, 2013 r.; mpueta maif, 2013 .
(Pesrome)

[Mommkpucraman 0o6pazuu ot ZnO ¢ pa3nudHU pa3MepH Ha KPUCTATUTHUTE OsXa MOIYHIEHH 110 TPH Pa3IudHU Me-
ToJa Ha CHHTE3. [IBpBUAT MeTOx € upe3 TepMudHo paznarane Ha Zn (NO,),"6H,0O. Bropusar cunTe3 € mo merona Ha
n3rapsiHe oT pa3TBop. Tperara n3Moa3BaHa TEXHUKA € Ype3 yATPa3ByKOBO TPETHPaHe Ha yTaiika. CpaBHHTEIHO Kpat-
KU BpeMeHa Ha TepMUYHA 00paboTKa ca HeoOXOqMMH 3a TIoTy4YaBaHe Ha ZnO MaTepHad ¢ JKeIaH CpeieH pa3Mep Ha
KpHucTanuTuTe. Marepuanure ca u3ciIeJBaHN C PEHTTEHOBA MU(paKknns U TPAHCMHCHOHHA €JIEKTPOHHA MHUKPOCKO-
nusi. MopdostorusiTa Ha MaTepruannTe IHPBOHAYATHO € W3CIEBAaHa C PEHTTeHOrpad)CKU METOAN Upe3 MpHIIaraHe
Ha CIIEUAHUTE BB3MOXHOCTH Ha mporpamara Fullprof. M3cienBanero nmokasa, ye pa3nuyHATE METOIH 3@ CHHTE3
BOJAT /IO MTOJTydaBaHE Ha MPOAYKTH C paziauyHa Mopdoiorus. MatepuannTe, NOIy4IeHH! 1O MIBPBUS METOJ MMaT
cpeneH pasMep Ha kpuctamuture 130—150 nm ¢ HempaBHIIHA HO U30METPUIHA (POpPMa Ha KPUCTAIIUTE, T3, IOITyde-
HU I10 BTOPUS METOJ MMaT NOYTH C(HEPUIHH YACTUIH ¢ pa3Mep oT okoio 30—40 nm. Benpeku cpmms cpeqieH pazmep
Ha KPUCTAINTHTE HA MaTEepHaa, IOJydeH M0 TPETHS METOX MOP(OIIOTHS HA YaCTHUIUTE € BPETEHOBHIHA, CHIIIACHO
pe3ynTaTuTe OT aHaIHM3a Ha YIINPEHUETO Ha TN(PaKIMOHHUTE TUHNAH. Pe3ynraTnTe oT peHTreHorpad)ckuTe aHanmsu
0s1Xa MOTBBPACHU OT CHUMKHUTE morydeHn oT TEM. OOchieHo e BIusHIeTo Ha Mopdonorusara Ha ZnO BBpXy pado-
TaTa My KaTo akTHBEH MaTepHal B INHKOBHU €JIEKTPO/IH.
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Preparation, structure and catalytic properties of ZnFe,O,
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Zinc ferrite (ZnFe,O,) nanopowders were prepared by co-precipitation method from the corresponding nitrate pre-
cursors and thermal treating of the obtained precursor at different temperatures. X-ray diffraction and “’Fe Mdssbauer
spectroscopy were used for the characterization of the obtained materials. The results of X-ray analysis confirm
formation of nanocrystalline zinc ferrite phase with cubic structure and crystallite size 6—46 nm depending on the an-
nealing temperature. The obtained ferrites were tested as catalysts in methanol decomposition to CO and hydrogen.
The analyses of the samples after the catalytic test reveal a significant phase transformation of the ferrite phase by the

influence of the reaction medium.

Key words: zinc ferrite, Mdssbauer spectroscopy, methanol decomposition.

INTRODUCTION

The magnetic, dielectric and electrical behavior
of the ferrite materials provides their large scale of
applications, as semiconductors [1], pigments [2],
magnetic resonance imaging [3], computer memory
chips. Their catalytic properties have been tested in
number of industrial process, such as oxidative de-
hydrogenation of hydrocarbons, decomposition of
alcohols [4] and hydrogen peroxide, treatment of
automobile-exhausted gases, phenol hydroxylation
(oxidation), photocatalytic ozonation of dyes [5]
and alkylation of hydrocarbons [6].

Recent studies concerned methanol as a poten-
tial source of hydrogen for fuel cells because of
its relatively low temperature of decomposition to
hydrogen, high energy density, safety handle, low
cost and possibility of production from renewable
sources as biomass [7—11].

The aim of present work is to study prepara-
tion of zinc ferrite nanopowders by co-precipitation
method following by thermal treatment and to study
the catalytic activity in methanol decomposition to
CO and hydrogen. The changes in the phase compo-
sition of materials after the catalytic test were also

* To whom all correspondence should be sent:
E-mail: kremena_vassileva@abv.bg
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in the focus of investigation. Mdssbauer technique
was used due to its high sensitivity to investigate the
phase composition, magnetic behavior and iron ions
emplacement of unit cell [12].

In our previous work the synthesis of CuFe,O,
[13, 14], CoFe,0,[15, 16], NiFe,O,[17] and mixed
Ni-ZnFe,O, ferrite materials [18] was reported.
Methods of Spark Plasma Sintering, sol-gel, ther-
mal and mechanochemical treatments [19, 20] have
been applied successfully. The relationship between
parameter of synthesis, phase composition, particle
size, microstrain and catalytic behavior of ferrite
materials has been discussed. Application of Cu,
Ni, and Co based ferrites is well known, especially
when these elements are substituted with Zn ions,
which prefer the tetrahedral position in spinel lat-
tice and has strong effect on the properties. It is
well known that Zn content exerts important role
on structure and properties of ferrites [21, 22]. In
this work we demonstrate synthesis, structure and
catalytic properties of pure zinc ferrite.

EXPERIMENTAL

Synthesis

Four samples of zinc-iron oxide powders were
prepared by co-precipitation method. Water solu-
tion containing Zn- and Fe-ions was prepared of sto-
ichiometric amount of nitrate salts [Zn(NO,),.6H,0;

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Fe(NO;),.9H,0]. As a precipitation agent was used
1M Na,CO, and pH was kept of 9. The obtained pre-
cipitates were washed with distilled water and dried
at room temperature to form precursor powders.
The heat treatment of precursors was conducted in
air at 573 K, 673 K, 773 K, 973 K for four hours to
obtain ferrite samples.

Characterisation

The powder XRD patterns were recorded by a
TUR M62 diffractometer with Co Ka radiation. The
observed patterns were cross-matched with those in
the JCPDS database [23]. The average crystallites
size (D), the degree of microstrain (e) and the lat-
tice parameters (a) of the studied ferrites were deter-
mined from the experimental XRD profiles by using
the PowderCell-2.4 software [24]. The instrumental
broadening of diffraction peaks is equal to 0.020°
Bragg angle. It was determined by Al standard and
was excluded at calculation of crystallites size and
the degree of microstrain. The Mdssbauer spec-
tra were obtained at room temperature (RT) with
a Wissel (Wissenschaftliche Elektronik GmbH,
Germany) electromechanical spectrometer working
in a constant acceleration mode. ’Co/Rh (activity
=50 Ci) source and o-Fe standard were used. The
experimentally obtained spectra were fitted us-
ing CONFIT2000 software [25]. The parameters
of hyperfine interaction such as isomer shift (IS),
quadrupole splitting (QS), effective internal mag-
netic field (Heff), line widths (FWHM), and rela-
tive weight (G) of the partial components in the
spectra were determined.

Catalytic test

Methanol decomposition experiments were car-
ried out in a flow reactor using argon as a carrier
gas, at methanol partial pressure of 1.57 kPa and
WHSYV of 1.5 h''. On-line gas chromatographic
analysis were performed on HP 5980 on PLOT
Q column, with simultaneous using of detector of
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Fig. 1. X-ray diffraction patterns of synthesized samples

thermo conductivity and flame ionization detector
and an absolute calibration method.

RESULTS AND DISCUSSION

XRD patterns of the precursor powder and ther-
mally synthesized samples are presented in Fig. 1.
Beginning of crystallization process was observed
at temperature as low as 573K. The diffractograms
of samples treated at higher temperatures show
well defined reflexes corresponding to cubic spinel
phase of zinc ferrite with lattice parameter a= 8.43—
8.44 A. Microstrain degree and average crystallite
size of zinc ferrite powders was calculated using
Williamson—Hall equation and presented in Table 1.

Table 1. Average crystallite size (D), degree of microstrain (e) and lattice parameters (a) determined from

experimental XRD profiles

Sample Phase D, nm e.10, a.u a, A
ZnFe,TS573 Fd3m(227) — cubic 5.89 7.894 8.43
ZnFe,TS673 Fd3m(227) — cubic 19.09 1.228 8.43
ZnFe,TS773 Fd3m(227) — cubic 19.08 1.323 8.44
ZnFe,TS973 Fd3m(227) — cubic 45.84 1.187 8.43
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Increasing of crystallite size from 6 to 46 nm and 1.0 4
narrowing the width of the peaks with increasing 0.9 1 ZnFe TS973
of temperature in the range of 573-973 K can be 0.8 1 nre,
explain with effect of sintering. oy
The room temperature Mossbauer spectroscopy
is presented in Fig. 2. The Mdssbauer spectra are 10
consistt?d of Well—deﬁnqd doublet, typical of para- B g'zz ZnFe, TST73
magnetic state of materials. The fitting parameters g 07 ]
of Mossbauer spectra are presented in Table 2. g Y
Parameters of all spectra correspond to octahedral @
: ; : o 1.0
coordinated Fe** ions. Increasing of the value of su- € )
s » 0.94
perfine quadrupole splitting after treatment at 573 K ¢ ] ZnFe,TS673
could be assigned to additional deformation of octa- = 087
I o
hedral Fe*', as a result of precursor decomposition. .2 07 T T T T T T T T T
Further increasing of treatment temperature leadsto g 4,
decrease of QS to reach values typical for well crys- & 0.9]
tallized zinc ferrite. 1 ZnFe TS573
. . 0.8 2
Temperature dependencies of conversion and CO 07.]
selectivity in methanol decomposition of synthe- ' L L L L L
sized materials are presented in Figure 3. All ferrites 1.00
started to decompose the methanol above 500 K and 8:383
the conversion was about 90-95% at 600 K. Carbon 0.85 3 ZnFe,HC
monoxide was formed with 50-70% selectivity and 8:32 I
methane and CO, were also registered as by prod- 10 -8 -6 -4 2 0 2 4 6 8 10
ucts. A well deﬁned tgndency for the catalytic activ- Velocity, mm/s
ity decrease with the increase of the temperature of
ferrite synthesis was observed. Fig. 2. Mossbauer spectra of synthesized samples
Table 2. Parameters of Mdssbauer spectra of the investigated samples
QS H,; FWHM
Sample Components mm/s /s Tff mm/s G,%
ZnFe,HC Db 0.36 0.67 - 0.44 100
ZnFe,TS573 Db 0.35 0.72 - 0.56 100
ZnFe,TS673 Db 0.35 0.44 - 0.40 100
ZnFe,TS773 Db 0.35 0.42 - 0.41 100
ZnFe,TS973 Db 0.35 0.40 - 0.38 100
100+ o__e 1004
/-/;1!1?@
80+
D/D*D/D/ = n ° L]
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Fig. 3. Methanol conversion (A) and CO selectivity (B) vs. temperature of investigated ferrite materials
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The phase transformation of used materials after
catalytic test has been obtained by Mossbauer meas-
urement (Fig. 4). The Mdssbauer spectra of used
sample ZnFe,O0, TS-973 was well fitted with two
sextets of Zn-substituted magnetite, one sextets of
non-stoichiometric carbide (Fe C,), a-Fe and dou-
blet of wuestite (FeO). Spectra of the other materi-
als consist of sextets with parameters corresponding
to Zn Fe, O, and Fe,C, phases and zinc ferrite with
relative part of 4-13% was also registered (Table 3).
The Zn-substituted magnetite could be presented
with the formula (ZnZFei"), . [Feir Feit ],..0. as
the spinel structure is preserved in the range 0<x<l1.
Mossbauer spectrum of magnetite (Fe,0,) i.e. x =0
consist of two Zeeman sextets. One of them is due
to tetrahedral Fe’" ions and other is due to octahe-
dral Fe** and Fe** ions rendered indistinguishable
by electron hopping at a frequency faster than that
of the Larmor precession of the iron nucleus in the
hyperfine field [26]. Therefore, the ratio of relative
weight of two sextet components of unsubstituted
magnetite should be 1:2 for Fe_,:Fe ., assuming
of equal Mossbauer—Lamb factors for the different
iron sites. The ratio of fitted relative weight of Sx1

Relative transmission, a.u.

Velocity, mm/s

Fig. 4. Mossbauer spectra of samples after catalytic test

Table 3. Parameters of Mdssbauer spectra of the investigated samples after catalytic test

Sample Components IS, mm/s QS, mm/s Heff, T FWHM, mm/s G, %
ZnFe, O, Sx1 0.28 0.00 479 033 14
(x=0.30) Sx2 0.60 0.01 44.0 0.87 40
Sx3 0.23 0.09 213 0.34 16
Znbe,TSS73-MD g, o Sx4 0.23 0.00 19.4 0.52 22
Sx5 0.17 0.01 10.6 0.28 3
ZnFe,0, Db 035 0.44 - - 4
ZnFe, O, Sx1 0.28 ~0.01 475 0.36 14
(x=0.36) Sx2 0.60 0.00 437 0.89 44
Sx3 0.22 0.11 212 0.32 8
Znbe,TS673-MD g, o Sx4 0.22 0.04 19.4 0.60 20
Sx5 0.17 0.02 10.1 0.15 1
ZnFe,0, Db 037 037 - - 12
ZnFe, O, Sx1 0.30 0.00 472 0.39 12
(x=0.20) Sx2 0.59 0.00 432 0.88 30
Sx3 0.30 0.10 21.0 0.36 18
ZnFeTSTI3-MD g ¢ Sx4 0.23 0.00 19.3 0.57 20
Sx5 0.17 0.02 115 0.38 7
ZnFe,0, Db 036 0.35 - - 13
ZnFe, O, Sx1 0.28 ~0.02 482 0.26 11
(x=021) Sx2 0.63 0.00 44.6 0.63 28
ZnFezTS973-MD a-Fe Sx3 0.00 0.01 32.7 0.27 23
Fe,C, Sx4 0.17 0.07 204 036 8
FeO Db 0.88 0.73 - 0.60 30
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and Sx2 of samples after catalytic reaction (Table 3)
is higher than 1:2. This is due to presence of Zn-
ions substitution of Fe** in tetrahedral position of
magnetite lattice. The degree of Zn substitution x
can be easily calculated by formula: x = 1 — 2A/B,
where A and B are relative weight of Sx1 and Sx2,
respectively.

CONCLUSION

Nanocrystalline zinc ferrites with cubic struc-
ture and particle size 6—45 nm were successfully
synthesized by co-precipitation method. All in-
vestigated ferrite materials revealed good catalytic
activity and selectivity to CO in methanol decom-
position and it can be denoted that the final com-
position of the catalytic materials was formed in
the reaction medium.
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CHUHTE3, CTPYKTYPA Y KATAJIMTUYHU CBOVMICTBA HA ZnFe,O,

K. B. Konesa'*, H. U. Benunos!, T. C. L{lonuesa?,
W.T. Murog!, b. H. Kynes!

! Unemumym no Kamanus, BAH, Coghus, 1113, Bvreapust
2 Unemumym no Opeanuyna xumus ¢ yenmsp no @Qumoxumusi, Cogus, 1113, Bvaeapus
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Hanopasmepen nuakoB deput (ZnFe,0,) Oemie cuHTE3UpaH MO METOA HA ChyTasBaHE OT ChOTBETHUTE METATHU
COJIM C TTOCIIE/IBAI0 TEPMUYHO TPETHPAHE HA MOJIYYCHHUTE NMPEAXOIHHIM MIPU PA3IMYHK TeMIepaTypH. Bemuku 00-
pasiu 0sxa oXapaKkTepu3upaHu ¢ PeHTreHoB audpakuuoHeH aHanu3 1 MpocbayepoBa criekTpockonus. Pesynrarure
rorydeHn ot PerTreHodas3oBus aHanm3 OKa3BaT popMupaHe Ha 1o0pe m3KpucTanuinpaia peputHa daza ¢ KyondHa
CTPYKTypa M pa3MepH Ha KPUCTAJMTHTE B TPAaHULU 6—46 nm, B 3aBHCUMOCT OT IIPUJIaraHaTa TeMIepaTypa Ha CHHTE3.
[Momyuennre cnex TepmiaHa 00padoTKa (epUTHE MaTEPHAN 0s1Xa M3CICABAHN B PEaKIiA Ha pa3iiaraHe Ha METaHOI
mo CO u Bomopon. IIpoBenernTe aHAMU3M Ha OOpasIUTe Cle] KaTaJHUTUYHAS TECT IMOKa3BaT 3HAYWTENHA (hasoBa
TpaHchopmanms Ha pepuTHaTa (haza O BIUSHIE Ha PEaKIMOHHATA Cpela.
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We have optimized the expression of Polycysteine and histidine-tailed protein (Ts-PCHTP). The protein contains
a natural His-tag for metal binding, used in the protein purification process. The “tag” amino acid sequence binds
very strongly to conventional Ni affinity chromatography columns and permits the protein elution with EDTA. The
protein purification should be monitored by Native-PAGE as the high content of cysteine in the Ts-PCHTP protein
sequence produces false positives, when SDS-PAGE technique is used. According to the DLS data a dimmer form of
Ts-PCHTP is observed. Sparse matrix crystallization screens were used for the determination of the most favorable
conditions for growth of crystals suitable for X-ray single crystal.

Key words: recombinant protein; His Tag affinity chromatography; Metal binding protein; Dynamic Light Scattering;

Protein crystallization.

INTRODUCTION

The ultimate goal of structural biology is to un-
derstand the structural basis of proteins in cellular
processes. In structural biology, the most critical
issue is the availability of high-quality samples.
Thus “structural biology grade” proteins must be
produced in a suitable quantity and quality allowing
crystallization (screening for crystallization condi-
tions) and structure determination. The purification
procedure must be reproducible and yield homoge-
neous protein in milligram quantities. Therefore the
choice of protein purification and quality control
procedures play a key role in obtaining protein sam-
ples in sufficient amounts and with high purity.

PolyCysteine and Histidine-Tailed protein (Ts-
PCHTP) is a metalloprotein expressed in muscle lar-
vae of nematode Trichinella spiralis. Metalloprotein
is a term used for proteins (e.g. ferritin) which binds,
transports or stores, metal ions or enzymes (metal-
loenzymes), in which the metal atom is involved in
important catalytic processes. Ts-PCHTP is the first
described member of a new nematode-specific pro-

* To whom all correspondence should be sent:
E-mail: sbirkova@mail.bg
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tein family PCHTP — Poly-cysteine proteins, which
are unique to Order Trichocephalida [1]. Ts-PCHTP
binds different bivalent metal ions such as Fe, Ni
and Zn. Its most probable function is transport or
storage of the metal ions in the parasite. Heavy
metal ions exhibit positive and negative effects
on biological processes. On one hand they act as a
cofactor for a number of enzymes, which catalyze
numerous metabolic reactions. On the other hand,
they can destroy the native structure of proteins or
nucleic acids, which requires their detoxification.
Proteins, which bind bivalent metal cations, contain
specific amino acids (aa) sequences forming metal
binding sites. These sequences contain numerous
aa such as cysteine, histidine, methionine, serine,
threonine, tyrosine, asparagine, glutamine, aspar-
tate and glutamate [2, 3].

The Ts-pchip gene lengthis 1896 bp [1]. It contains
six exons and five introns. The nucleotide sequence
of the mRNA comprises 1576 bp. The transcript has
a single open reading frame consisting of 1272 bp.
The primary structure of Ts-PCHTP includes 424 aa
with a molecular weight of 47744 Da. Protein se-
quence shows a high content of the following ami-
no acids: 36 cysteine (8.5%), histidine 26 (6.4%),
10 tyrosine and 8 tryptophan. The protein consists
of a signal peptide for extracellular localization in

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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the N-term, two homologous polycysteine domains
(pecd) — pcd-1 and pcd-2, poly-histidine domain
(histidine tag) at the C-term. Another characteris-
tic of the cysteine rich and metal binding proteins
is predominantly B-structure [4, 5]. Ts-PCHTP is
mainly characterized by B-structural conformation.
It is typical for many metalloproteins that they can
also bind specifically or nonspecifically hydropho-
bic ligands, such as fatty acids or hem [4, 6].

Poly-histidine regions are often associated with
the binding of transition metal ions such as Ni*,
Zn*" Cu?*', Co*", Mn?*', Fe*', Fe*'. These metal bind-
ing sites can be constructed either from consecutive
histidine residues or repeats of histidine in combi-
nation with one to three aa between them [7-9]. The
poly-histidine motifs common observed in the mid-
dle part of protein chain rather than C- and N-term
(Histidine rich glycoproteins etc.).

The poly-histidine motif is one of the most fre-
quently used in the purification of recombinant pro-
teins (his-tag protein) [9]. Typically the construct
(his-tag) is composed by six or more histidine
residues, which are located in C-or N-term of a re-
combinant protein. The method is one of the most
common and is based on the affinity of the histidine
to bivalent metal ions. Purification was performed
by metal affinity chromatography — Ni*" or Co*
chromatography.

In this study we present successful conditions
for production of the recombinant Ts-PCHTP
(rTs-PCHTP) in Escherichia coli strains. Recom-
binant protein with natural His-tag at the C-end
was obtained by metal affinity chromatography
similarity to the common recombinant His-tag pu-
rification techniques. Purified r7s-PCHTP was used
for a crystallographic assay and Dynamic Light
Scattering (DLS) analyses.

EXPERIMENTAL METHODS
cDNA synthesis and PCR amplification

The cDNA synthesis and amplification were
performed as described by Radoslavov et al. [1].
Briefly, total RNA from Trichinella spiralis (T1
ISS03) muscle larvae was extracted after homoge-
nization with Trizol reagent according to the manu-
facturer’s instructions (Invitrogen).

Reverse c¢cDNA transcription was performed
with 4 pg of RNA, gene specific primer AS3 and
M-MuLV Reverse Transcriptase (Fermentas). The
nucleotide sequence from the second exon to the
stop codon ORF of the Ts-TCHTP (GeneBank™
accession JF899252 and GQ497342) was amplified
with the following primers: S22 5’-ggaattccatatga
acaaaatttcgtcggccga-3’ and AS3 5’-cgcggatccttatca

atgatgatgatgatgatgatg-3’, containing BamHI and
Ndel restriction sites for direct cloning into pJC20
expression vector [10]. PCR product and vector
were ligated with T4-DNA Ligase (Fermentas)
by standard protocol [11] and transformed into
Escherichia coli DH5a cells. The positive colonies
were checked by colony PCR and DNA sequencing
(Macrogene).

Production and purification
of recombinant protein

The E. coli BL21(DE3), C43(DE3) and Rosetta-
gami(DE3) cells were used for the expression of the
recombinant protein. The induction was performed
with of 1 mM IPTG (final concentration), for 4
hours at 37 °C. Cells were lysed through sonication
on ice. The soluble fraction contains Ts-PCHTP. In
consequence Ni-affinity chromatography, HisTrap
Kit (GE Healtcare BioSciences), was employed for
rTs-PCHTP purification.

The protein concentration was determined ini-
tially by the method of Bradford [12] and spectro-
photometrically using a molar extinction coefficient
of 1.332 M" at 280 nm as calculated on the basis of
the aromatic amino acid of 10 Tyrosine (Tyr) and
8 Tryptophan (Trp) residues with ProtParam tool
[13] (www.expasy.org). Protein fractions were dia-
lyzed with PD-10 desalting column, Sephadex G25
(Amersham Bioscience) against 0.02M Tris buffer,
pH 7.2. The protein was concentrated up to 4 mg/ml
with Centricon columns, 10kDa (Millipore).

The molecular size and purity of the protein was
determined by 12% SDS-PAGE and 12% Native-
PAGE [11]. Proteins were visualized by Colloidal
Coomassie G-250 Blue Safe staining (National
Diagnostics) (Fig. 1).

a) 4 M b) , M )

260 260
135

Fig. 1. a) 12% Native-PAGE gel of purified rTs-PCHTP
lysate (elution with 0.05M EDTA) in to C43DE3 cells
and b) 12% SDS-PAGE gel of purified rTs-PCHTP lysate
(elution with 0.05M EDTA) in to C43DE3 cells. Proteins
were visualized by Colloidal Coomassie Blue staining
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Dynamic Light Scattering (DLS)

DLS measurements on the protein solutions were
obtained using a 90Plus (Brookhaven Instruments),
equipped with a 657 nm, 35mW laser. Time de-
pendent fluctuations in the scattered intensity
were measured using an avalanche photo detec-
tor (APD) and digital correlator. Protein solutions
were analyzed in triplicate at 25.0 °C and scatter-
ing angle of 90°. The buffer solutions were fil-
tered through 0.44 um and 0.022 um filters and
were also analyzed by DLS. Standard NIST trace-
able polystyrene 22 nm £ 1.8 nm, 92 £+ 2 nm latex
standards and a blank, 0.02 pm filtered ultrapure
water (Nanopure, Thermo Scientific), were also
run as standards. Data was collected as co-added
runs of 2 min collected for a total of 10 min. The
autocorrelation functions were deconvoluted to
obtain size distributions using both the non-neg-
atively constrained least squares fit (multiple pass
NNLS) algorithm. The size distributions obtained
from the NNLS algorithm were presented since the
distributions are bimodal. The intensity of scat-
tered light is proportional to the particle size to
the sixth power, which results in a higher scattered
intensity for larger particles. The intensity weight
distributions, measured by DLS, were converted to
number weighted distributions using analysis soft-
ware provided by Brookhaven (BIC).

Crystallographic conditions

Crystallization attempts were performed us-
ing the vapor-diffusion method, in which 1 uL of
Ts-PCHTP (3.6 mg ml! in 0.02 M Tris 7.3 pH) so-
lution was added to 1 uL of reservoir solution in
a hanging drop suspended over 0.6 ml of reservoir
solution. The reservoir (crystallization) conditions
were those of the commercial Hampton Research
Crystal screen HT, PEG/Ion and PEG/Ion 2.

RESULTS AND DISCUSSION

DNA sequencing of the pJC20 construct showed
that the inserted fragment length is 1221 bp. Detailed
analysis of the sequencing results showed that was
the amplification and cloning, that the insert has
an additional ATG initial codon at 5’end of the
sequence. Thus the construct will translate 408 aa
from the Native Ts-PCHTP (424 aa), with predicted
molecule weight of 46 kDa. The 408 aa sequence
includes the two full poly-cysteine domains and the
poly His-Tag end, while the starting signaling pep-
tide sequence is omitted. DNA sequencing showed
also that the construct reading frame starts and ends
correctly, so thus will allow subsequent expression.
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The three E. coli bacterial strains were trans-
formed with the expression vector: BL21(DE3),
C43(DE3) and Rosetta-gami(DE3). The recom-
binant protein is isolated from soluble protein frac-
tion under normal aerobic conditions, even that the
cysteine constitutes 8.5% of all aa in Ts-PCHTP.
12% SDS-PAGE of bacterial lysates showed
that only the C43(DE3) cells produced sufficient
quantity of the recombinant protein (Fig. 2). The
C43(DE3) cells are designed for expression of
difficult or even toxic proteins. This suggests that
Ts-PCHTP may be toxic due to its metal binding
properties. Ts-PCHTP contains 26 histidine resi-
dues or 6.1% of the amino acid content in the pro-
tein. Fourteen histidine residues are localized in the
C-terminus of the protein, which gives the name of
the domain — poly-histidine tag. Seven consecutive
histidine residues form a motif at the C-end of the
protein. This histidine repeat at the C-term allows
rTs-PCHTP to be purified with Ni-affinity chroma-
tography (His Trap kit / GE Healtcare BioSciences).
Sonication of C43(DE3) was performed in 10 mM
imidazole pH 7.9, followed by centrifugation. The
supernatant was used for loading on a HisTrap col-
umn. Attempting to elude the protein with high con-
centration of Imidazole (up to 1M) in some of the
cases failed. The protein was successfully eluted
with 0.05 M EDTA, pH 8.0. The concentration of
the eluted protein was measured by Bradford [12]
and spectrophotometrically at 280 nm. The mo-
lecular weight and purity of the protein was deter-
mined by 12% SDS-PAGE and 12% Native-PAGE.
The protein is visualized on the gel at the expected
molecular weight of 46 kDa (Fig. 1). The Native-
PAGE showed better separation and single bands,
in contrast to the SDS-PAGE, where multi bands

—

Fig. 2. 12% Native-PAGE of rTs-PCHTP lysate (elution
with 0.05M EDTA): bands 1-4 correspond to C43DES3,
M — protein marker, W — Wash cytosol after IPTG, C
— Cytosol after IPTG, R1-R2 — rTs-PCHTP in Rosetta
cells. Proteins were visualized by Colloidal Coomassie
Blue staining
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were visualized. This is an indication that the pro-
tein is more stable into non reductive conditions.
r7s-PCHTP was used for DLS analysis to evalu-
ate protein purity. The estimation of the molecular
weight of rTs-PCHTP was carried out according to
the Mark-Houwink-Sakurada equation D=KM¢“[15,
16] where D is the diffusion coefficient (assessed by
DLS, D = kT/(6mnR,), M is the molecular weight
and K and a are two empirically determined param-
eters that are solvent, temperature and protein spe-
cific. The molecular weight for the first size (peak
0f 39.4 nm) of the bimodal distribution corresponds
to 110 kDa (Fig. 3b and 3c). This values is more
than two time bigger than the theoretical one of 46

a)  Effective diameter 86 nm
Correlation
) 826nm
i« Intensity /
distribution
) Polydipersity 0.291
C
‘/394nm
Number |

*"| distribution

: |

50 500.0

Diameter, (nm)

Fig. 3. Representative DLS for rTs-PCHTP 3.6 mg ml
in Tris pH 7.3 a) correlation function b) intensity particle
size distribution and c¢) number particle size distribution

kDa. Thus the first peak in the size distribution can
be related to a dimmer Ts-PCHTP. Although pro-
teins generally fold into compact globular domains
that are tightly packed (no voids or water molecules
are accommodated in the interior of the protein) the
surface of the protein is rather “bumpy” and is cov-
ered by an outer shell of water/solvent molecules.
The DLS results for R, will be affected by that shell
and will overestimate the protein molecular weight.
The second peak (82.6 nm, R, of 41.3 nm) can be
attributed to additional aggregation of Ts-PCHTP
(octamer or dodecamer). As one can see from the
multimodal distribution ‘“number vs. diameter”
the contribution of Ts-PCHTP dimmer is close to
100%, while the higher 8- or 12-mer is almost in-
discernible (Fig. 3c¢).

Preliminary crystallization results

The initial sparse matrix screening for Ts-PCHTP
crystallization showed that the crystallization con-
ditions listed in Table 1 are suitable for the growth
of crystals for X-ray data collection (Fig. 4).

CONCLUSIONS

The present investigation provides insights
into the heterologous expression, purification and
crystallization of rTs-PCHTP. The protein was ex-
pressed and purified from soluble protein fraction at
native condition. The purification of the rTs-PCHTP
with Ni affinity chromatography is based of its na-
ture poly his tag (7 histidine residues). Ts-PCHTP

Fig. 4. Observed crystal of rTs-PCHTP, No 41 of Hamp-
ton Crystal screen 2
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Table 1. Formulation of the crystallization conditions for Ts-PCHTP crystal growth

Hampton Screen No salt buffer precipitant
Crystal screen 1 46 0.2 M Ca acetate hydrate 0.1 M Na cacodylate 18% w/v PEG 800
trihydrate, pH 6.5
Crystal screen 2 33 2M Ammonium formate 0.1IM HEPES pH 7.5
Crystal screen 2 41 0.01M Ni(II) chloride IM Tris pH 8.5 IM Lithium sulfate
hexahydrate monohydrate 0.

PEGI 2 0.2 M Potassium fluoride 20% w/v PEG 3350
PEGI 41 0.2 Potassium phosphate 20% w/v PEG 3350

monobasic

describes for the first time a natural protein with this
amino acid motif. DLS analysis showed that pro-
tein forms thoroughly dimmer formations which are
not visualized at native gel conditions. There are
identified several different suitable crystallization
conditions for Ts-PCHTP. The data can be used
for X-ray analysis.
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KPUCTAJIM3ALIMOHHUN YCIJIOBUA HA XETEPOJIOXKHO EKCITPECUPAH
PEKOMBUHAHTEH METAJIOCBBP3BAILl GEJITHK TS-PCHTP
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Tloctpimna pespyapu, 2013 r.; mpueta maii, 2013 1.
(Pesrome)

B nacrosimaTta paboTa € onTHMH3HpaHa eKCIpecusaTa Ha MpoTeuH ¢ noiunuctenHoBu nomerHu (Ts-PCHTP).
IIporennsT CcHaBpKa ectectBeH (parment (His-Tag) 3a MeTanHa KOOpIWHANNSA, U3IION3BaH B MPOIeca Ha MPEUYHCT-
BaHe, upe3 Ni apuauTeTHa XpomaTtorpadus. UuctoTara Ha OeNThHKA ce CIeIU Ype3 HaTUBHA-TTOTHAKPUIIAMUIHA €TICK-
Tpodopesa, Thilf KaTO BUCOKOTO chAabpkaHue Ha nuctenHu B Ts-PCHTP mporenHoOBaTa mMocie10BaTeTHOCT BOIH /10
MOBEXIAIIH Pe3yTaTH, Korato ce ninonsana Texanka ¢ CH,(CH,),,0SO,Na — nonnakpunamuiHa exekrpodopesa.
Criopen naHHHTE, IOTYYCHH Upe3 TUHAMUYHO CBETIIOpa3ceiiBaHe, ce HaOmromaBa quMepHata ¢popma Ha Ts-PCHTP.
3a omnpezersiHe Ha yCIOBHATA 3a KPUCTAIN3ANMs Ha OENThKa € N3MO0I3BaHA MAaTPUIIA OT MPOU3BOJIHY yCIIOBHS 3a U3-
pacTBaHe Ha MOHOKPUCTAIIH, ITOJIXO/ISIIH 32 PEHTTCHOCTPYKTYPEH aHaIN3.
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Two inclusion complexes of tetraethylammonium hydrogen sulfate (Et,N.HSO,) with thiourea (TU) and urea
(U) were prepared and characterized by X-ray diffraction (XRD) and differential thermal analysis (DTA). The
crystal structures of the commercial salt Et,N.HSO, (1) and both of the complexes Et,N.HSO,.TU.H,O (2) and
2Et,N.2HSO,.H,S0,.3U (3) were solved. Compounds 1 and 2 crystalize in the monoclinic P2,/n space group and
compound 3 in the triclinic P1 one. The cations and anions in 1 display a layered-like arrangement of alternating
well-ordered tetracthylammonium cations and hydrogen-bonded hydrogen sulfate anions. In 2 and 3 the anionic
layer is more complex and in addition to the hydrogen sulfate it includes thiourea and water or urea molecules,
respectively. The thermal behavior of both adducts is more complicated than the one of Et,N.HSO, and the melting

temperature of the studied compounds decreases in the following order: 1 >3 > 2.

Key words: urea, thiourea; inclusion complex; hydrogen bonding; thermal decomposition.

INTRODUCTION

Tetraethylammonium salts are used as a source of
tetraethylammonium ions (Et,N) in pharmacological
and physiological studies, but also in organic chem-
ical synthesis and as structure-directing agents for
synthesis of microporous materials [1, 2]. Besides,
the urea and thiourea efficiency in formation of ani-
onic host lattices is well defined due to the high di-
pole moment, planar geometry and good donor-ac-
ceptor properties of both molecules. A great number
of urea and thiourea crystal complexes of different
tetraecthylammonium salts were synthesized aiming
to study their crystal structures, phase transitions and
temperature stability [3—10]. Varieties of host lattic-
es were obtained depending on the combination of
the employed anion and the number of urea/thiourea
molecules. For instance, the inclusion complexes of
(Et,N)C,0, with thiourea exhibit layered, one di-
mensional channel and two dimensional channel
structures depending on the number of the incorpo-
rated thiourea molecules [11]. Many complex ani-
ons were employed including halides [12, 13], car-
bonate [14], perchlorate [15], borate [16], fumarate

* To whom all correspondence should be sent:
E-mail: rosica.pn@clme.bas.bg
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[17], etc. However, to date no structural information
about the commercially distributed Et,N.HSO, was
reported [Cambridge Structural Database (CSD),
2011 release]. Moreover, bis(tetracthylammonium)
hydrogen-sulfate dihydrogen-phosphate is the only
reported compound containing both the Et,N* and
HSO, ions. [18].

The present communication concerns the prep-
aration of two new inclusion complexes of urea
and thiourea with tetracthyl ammonium hydrogen-
sulfate from aqueous or water/methanol solutions.
The crystal structures of the studied compounds
are discussed in relation to the differences in their
thermal behavior.

MATERIALS AND METHODS
Synthesis

Tetraecthylammonium hydrogen-sulfate, Et,N.
HSO, (1) is a commercial product and crystals suit-
able for single crystal X-ray diffraction measure-
ments were obtained by slowly evaporation from
water solution.

The other two compounds tetraethylammoni-
um hydrogen sulfate thiourea hydrate, Et,N.HSO,.
TU.H,O (2) and tetraethylammonium hydrogen-sul-
fate sulfonic acide ureate, 2Et,N.2HSO,.H,SO,.3U

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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(3) were obtained by slow evaporation from water
solution of the components at room temperature:

Et,N.HSO,.TU.H,O (2): 0. 227 g (1.10° mol)
Et,N.HSO, and 0.078 g (1.10° mol) TU are dis-
solved in 20 ml of distillated water. The solution is
slowly evaporated at room temperature leading to
the formation of prismatic colorless crystals.

2Et,N.2HSO,.H,S0,.3U (3): 0. 227 g (1.10~* mol)
Et,N.HSO, and 0.060 g (1.10~ mol) U are dissolved
in 20 ml of distillated water. The solution is slowly
evaporated at room temperature leading to the forma-
tion of prismatic colorless crystals.

Methods

XRD single crystal analyses: Crystals of the
studied compounds were mounted on glass capil-
laries and diffraction data were collected at room
temperature by ®-scan technique, on an Agilent
Diffraction SuperNova Dual four-circle diffrac-
tometer equipped with Atlas CCD detector using
mirror-monochromatized MoKa radiation from

micro-focus source (A = 0.7107 A). The determina-
tion of cell parameters, data integration, and scaling
and absorption correction were carried out using the
CrysAlis Pro program package [19]. The structures
were solved by direct methods (SHELXS-97) [20]
and refined by full-matrix least-square procedures
on F? (SHELXL-97) [20]. The non-hydrogen atoms
were refined anisotropically and urea and thiourea
hydrogen atoms were placed at idealized positions
and refined using the riding model. The positions of
hydrogen atoms of water molecule were calculated
by DHA software [21]. A summary of the structural
and refinement data is provided in Table 1. The data
for publication were prepared using the program
package WinGX [22]. Crystallographic data were
deposited with the Cambridge Crystallographic
Data Centre, CCDC No. 935080 (1) 93508 (2),
935082 (3). A copy of this information may be ob-
tained free of charge from: The Director, CCDC, 12
Union Road, Cambridge, CB2 1EZ, UK. Fax: +44
1223 336 033, e-mail:deposit@ccdc.cam.ac.uk., or
www.ccde.cam.ac.uk.

Table 1. Crystal data and structure refinement results for the studied compounds

CCDC deposit number

1

2

3

Empirical formula
Moiety formula

C8H2I NO4S
C8H20N,O4 HS

Formula weight 227.32
Temperatute (K) 290(2)
Crystal system Monoclinic
Space group P2/n

a 9.7994(5)
b 13.812(3)
c 9.5968(17)
o 90

s 89.368(15)
y 90

Volume (A%, Z 1190.2(4), 4
Calculated density (Mg m™) 1.269
F(000) 496

Crystal color, shape, size (mm)

Colorless, prismatic
0.3 x0.28 x0.26

0 Range for data collection (deg)  2.95-29.58

Limiting indices 4, k, [ —12<h<11,-18<k<
13,-11</<13

Reflections collected 6931

Independent reflections 2839

R, 0.0446

Goodness-of-fit on F* 1.058

Final R indices (I > 20(]))
R indices (all data)

Largest diff. Peak/ hole (e A~?)

R, =0.0937, wR, = 0.2653
R, =0.1308, wR, = 0.3061

0.873/-0.574

C9 H27 N3 O5 S2
C8 H20 N, H 04 S,

C19 H56 N8 015 S3
3(04 H S), 3(C H4 N2 0),

CH4N2S,H20 2(C8 H20 N)
321.46 732.9

290(2) 290(2)
Monoclinic Triclinic
P2/n P-1
9.4527(6) 7.4002(4)
10.1222(6) 15.2365(8)
17.9932(11) 16.6134(8)
90 73.130(5)
100.160(6) 88.137(4)

90 84.630(4)
1694.63(18), 4 1784.71(16), 2
1.260 1.364

696 788

Colorless, prismatic
0.32 x0.30 x 0.28

Colorless, prismatic
0.32 x0.3x0.28

3.52-29.12 2.99-29.45
~11<h<9,-13< ~10<h<9,-16<k<20,
k<10,-24<i<17  -22<[<22

6277 14262

3513 7982

0.0256 0.0438

1.047 1.019

R, =0.0681, R, =0.0694, wR, = 0.1809
wR2 =0.1990

R,=0.1106, R, =0.0958, wR, = 0.2082
wR,=0.2318

0.652/-0.277 0.957/-0.498
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Thermal analyses: Differential thermal analy-
sis (DTA) and thermogravimetric measurements
(TG) were carried out simultaneously in a thermal
analyzer Stanton Redcroft 780 at the following con-
ditions: heating rate of 10 °C/min, dry argon as a
carrier gas, ALLO, used as a referring material and
sample weight of 8-10 mg.

RESULTS AND DISCUSSION

The asymmetric units of the studied compounds
are shown in Figures 1, 2 and 3. Table 2 gives in-
formation about the bond distances and angles for
HSO, group, urea and thiourea molecules in com-
pounds 1, 2 and 3. The three dimensional packing of
the discussed compounds and their hydrogen bond-
ing systems are presented in Figure 4 and Table. 3.

Crystal structure of Et,N.HSO, (1)

Figure 1 presents the asymmetric unit of com-
pound 1. It crystallizes in a monoclinic P2,/n space
group and has pseudo orthorhombic lattice with a
beta angle of 89.4°. The bond lengths and bond an-
gles characterizing the Et,N cation and hydrogen-
sulfate anion agree with those reported previously
[1-18] (Table 2.). There are four anions and four
cations in the unit cell. The smaller hydrogen sul-
fate ion donates and accepts a hydrogen bond to
form dimers. The dimers are arranged in layers par-
allel to (101) and are spaced at a distance of 6.53 A
(Fig. 4a, Tabl. 3). The larger Et,N ions have a reg-
ular “Nordic cross” like shape with S, symmetry
(Fig. 1). They are sandwiched between the anionic
layers. Thus the 3D arrangement of Et,N.HSO, is

Q
gCS O\ 02
e —

% C1 < 5 C7 o1
S
c2 O@/ N é:i/o 03 E@
© 04
C4 ~>0
O
Fig. 1. ORTEP [23] view of complex ions in compound 1
with the atomic numbering scheme; ellipsoids are drawn

at 50% probability; hydrogen atoms are shown as small
spheres with arbitrary radii
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very similar to that in 2Et,N.HSO,.H,PO, [18] but
the hydrogen-bonding network within the anionic
layers is less extensive.

Crystal structure
of Et,N.HSO,.TU.H,0 (2)

The TU adduct crystallizes as a neutral molecu-
lar adduct with one water molecule (Fig. 2). The
crystal structure is monoclinic, space group P2 /n
and there are four structural units per unit cell. The
3D arrangement is the same as in compound 1 and
the larger Et,N* ions are sandwiched between the
layers built by hydrogen-sulfate anions and the rest
of the molecules. As it is expected the TU and H,0
molecules are incorporated within the HSO, layers

Table 2. Selected geometric parameters for the studied
compounds. Bond lengths (A)

Compound 1

S—-0(1) 1.409(5) N-C(5) 1.505(5)
S-0(2) 1.515(4) N-C(7) 1.512(5)
S-0(@3) 1.310(5) C(H-C2) 1.481(6)
S—-0(4) 1.340(6) C3)-C4) 1.497(7)
N-C(1) 1.515(5) C(5)—-C(6) 1.508(7)
N-C@3) 1.523(5) C(7)-C(8) 1.504(8)
Compound 2

S—-0(1) 1.492(3) C(11)-C(12)  1.529(8)
S-0(2) 1.435(3) C(13)-C(14)  1.580(9)
S-0(@3) 1.484(3) C(15)-C(16)  1.574(9)
S—-0(4) 1.433(3) C(17)-C(18)  1.525(9)
N-C(11) 1.530(6) S(1) - C(1) 1.696(4)
N-C(13) 1.474(7) C(1)—N(11) 1.318(4)
N-C(15) 1.511(6) C(1)—N(12) 1.326(4)
N-C(17) 1.554(7)

Compound 3

S(1)-0(11) 1.507(2) C(11)—-C(12)  1.514(5)
S(1)—0(12) 1.456(2) C(13)-C(14)  1.509(7)
S(1)—0(13) 1.459(2) C(15)-C(16)  1.505(5)
S(1)—-0(14) 1.452(2) C(17)-C(18)  1.499(6)
S(2)-0(21) 1.484(2) C(21)-C(22) 1.516(6)
S(2) - 0(22) 1.449(2) C(23)-C(24) 1.507(6)
S(2) — 0(23) 1.485(2) C(25)-C(26)  1.499(6)
S(2) - 0(24) 1.449(2) C(27)-C(28)  1.499(6)
S(3)-0(@31) 1.423(3)

S(3)-0(32) 1.426(4) O(1)—-C(1) 1.289(4)
S(3)-0(33) 1.500(3) 0(2)-C(2) 1.302(4)
S(3) - 0(34) 1.396(3) 0(3)-C(3) 1.302(4)
N()-C(11)  1.514(4) C(1)—N(11) 1.325(4)
N(I)-C(13)  1.522(4) C(1)—=N(12) 1.314(4)
N()-C(15)  1.515(4) C(2) —N(21) 1.295(4)
N()-C(17)  1.513(4) C(2)—N(22) 1.304(4)
N(2)-C@21)  1.509(4) C(3)—N(31) 1.305(4)
N(2)-C((23) 1.520(4) C(3)—N(32) 1.310(4)
N(2)-C((25) 1.518(4)

NQ2)-C@27) 1.517(4)
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Fig. 2. ORTEP [23] view of complex ions and molecules
in compound 2 with the atomic numbering scheme; ellip-
soids are drawn at 50% probability; hydrogen atoms are
shown as small spheres with arbitrary radii

and are involved in the hydrogen bonding network,
which in this case is distributed over the whole
layer (Fig. 4b, Table. 2). Thus, although the layer
has similar thickness as in compound 1 the stacking
is realized at a longer distance (7.64 A in 2 versus
6.53 A in 1). This is accompanied with less compact
shape of Et,N ion exhibiting D2d symmetry in this
structure (Fig. 2). The N....N distance between the
closest Et,N cations is 7.43A, while the correspond-
ing distance in compound 1 is 6.64 A.

Crystal structure
of 2Et,N.2HSO,.H,SO,.3Urea (3)

The asymmetric unit is presented in Figure 3.
The organization of the crystal structure in this
compound is very similar to that in 1 and 2, but it
crystallizes in triclinic P—1 space group. The sulfate
groups and urea molecules are hydrogen bonded
and built negatively charged layers, between which
Et,N" cations are situated. The hydrogen bonding
network is presented in Fig. 4c. Hydrogen-sulfate
groups and urea molecules are hydrogen-bonded
to form anionic layers spaced at 8.30 A from each
other. The Et,N cations are placed between the lay-
ers and the N...N distance between the closest ones
is 7.40 A. This is in agreement with the shape of
Et,N having D2d symmetry as in compound 2. The
structure determination shows a deficiency of Et,N*
ions and in order to balance the electro-neutrality of
the compound it is assumed that it crystalizes with
one molecule of sulfuric acid. However, this could
not be confirmed by the X-ray diffraction data, be-

Table 2. Selected geometric parameters for the studied
compounds. Bond lengths (A)

Compound 1

S—-0(1) 1.409(5) N-C(5) 1.505(5)
S-0(2) 1.515(4) N-C(7) 1.512(5)
S-0Q) 1.310(5) C(1)-C@®) 1.481(6)
S—-0(4) 1.340(6) C3)-C“) 1.497(7)
N-C(1) 1.515(5) C(5)-C(6) 1.508(7)
N-C(3)) 1.523(5) C(7)-C(8) 1.504(8)
Compound 2

S—-0(1) 1.492(3) C(11)-C(12)  1.529(8)
S-0(Q) 1.435(3) C(13)-C(14)  1.580(9)
S-0(Q) 1.484(3) C(15)-C(16)  1.574(9)
S-0(4) 1.433(3) C(17)-C(18)  1.525(9)
N-C(11) 1.530(6) S(1) - C(1) 1.696(4)
N-C(13) 1.474(7) C(1)-N(1) 1.318(4)
N-C(15) 1.511(6) C(1)-N(12) 1.326(4)
N-C(17) 1.554(7)

Compound 3

S(1)-0(11) 1.507(2) C(11)-C(12) 1.514(5)
S(1) - 0(12) 1.456(2) C(13)-C(14)  1.509(7)
S(1) - 0(13) 1.459(2) C(15)-C(16)  1.505(5)
S(1) - 0(14) 1.452(2) C(17)-C(18)  1.499(6)
S(2) - 0(21) 1.484(2) C(21)-C(22) 1.516(6)
S(2) - 0(22) 1.449(2) C(23)-C(24) 1.507(6)
S(2) - 0(23) 1.485(2) C(25)-C(26)  1.499(6)
S(2) — 0(24) 1.449(2) C(27)-C(28)  1.499(6)
S(3)-0(31) 1.423(3)

S(3) - 0(32) 1.426(4) O(1)-C(1) 1.289(4)
S(3) - O(33) 1.500(3) 0(2)-C(2) 1.302(4)
S(3) - 0(34) 1.396(3) 0(3)-C@3) 1.302(4)
N(1)-C(11) 1.514(4) C(1)-N(11) 1.325(4)
N(1) - C(13) 1.522(4) C(1) —-N(12) 1.314(4)
N(1) - C(15) 1.515(4) C(2) - N(21) 1.295(4)
N(1) - C(17) 1.513(4) C(2) -N(22) 1.304(4)
N(2) - C(21) 1.509(4) C(3) - N(@31) 1.305(4)
N(2) - C(23) 1.520(4) C(3) —N(32) 1.310(4)
N(2) - C(25) 1.518(4)

N(2) - C(27) 1.517(4)

cause it was not possible to localize the positions
of H atoms from the electron density map. On the
other hand, the S-O distances for the symmetrically
nonequivalent sulfate groups can give information
about the presence of OH group because the cor-
responding S-O bond distance should be longer
than the other three ones. This is actually the case
for (S2)O, sulfate group only (Table 2). In con-
trast, the four S-O bonds in the (S1)O, and (S3)O,
groups have similar lengths of about 1.46 A. One
possible explanation is that there is a migration of
protons along the strong O-H...O hydrogen bonds
formed between sulfate and urea oxygen atoms
(Table 3). Besides, C-O distances in all of the urea
molecules are longer than the standard C=0O dou-
ble bond (~1.2 A) and have values of about 1.3 A.
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03z

Fig. 3. ORTEP [23] view of complex ions and molecules in compound 3 with the atomic numbering scheme; ellip-
soids are drawn at 50% probability; hydrogen atoms are shown as small spheres with arbitrary radii

Fig. 4. Three dimensional packing and hydrogen bonding systems: a) stacking of cationic and anionic layers with
hydrogen bonds between HSO, groups compound 1; b) hydrogen-bonding system within the complex layer in com-
pound 2; ¢) hydrogen-bonding system within the complex layer in compound 3
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Table 3. Hydrogen-bond geometry (A, °) for:

Compound 1

D—H...A D—H H...A D...A D—H...A
02-H2...01! 0.820 1.876 2.479 129.48

i —x+1,—-y +1, —z+1

Compound 2

D—H...A D—H H...A D...A D—H...A
O-H1...S1 0.960 2.490 3.450 179.60
O-H2...03i 0.961 1.725 2.686 179.81
Ol1-HIA...O 0.820 1.864 2.644 158.32
NI11-H11C...04 0.860 2.127 2977 169.51
NI11-HI11D...O2f 0.860 2.171 2.932 147.25
N12-H12D...02 0.860 2.113 2.966 171.77
NI12-HI2E...04" 0.860 2.145 2916 149.12

i: —x+3/2, y—1/2, —z+1/2; ii: —x, =y +1, —z+1; iii: —x+3/2, y+1/2, —z+1/2;

iv: —x+3/2, y-1/2,-z+1/2

Compound 3

D—H...A D—H H...A D...A D—H...A
O11-H11...01 0.820 1.681 2.483 164.99
021-H21...033 0.820 1.706 2512 167.15
023-H23...03! 0.820 1.734 2.537 165.91
0O31-H31...02f 0.820 1.725 2.494 155.42
N11-HIIC...024i 0.852 2.079 2.920 168.75
NI11-H11D...Ol1% 0.815 2.354 3.154 167.12
N12-HI2D...013f 0.805 2.047 2.851 176.37
NI12-H12E...O14 0.813 2.036 2.830 165.22
N22-H22D...032 0.812 2.133 2.920 163.27
N22-H22E...O034 0.794 2.505 3.143 138.46
N22-H22E...033 0.794 2.558 3.294 154.93
N21-H21C...013 0.745 2.130 2.875 176.81
N21-H21C...014 0.745 2.657 3.124 122.75
N21-H21D...032 0.743 2.238 2.926 154.45
N31-H31A...021 0.874 2.051 2.896 162.17
N31-H31B...022f 0.796 2.083 2.862 165.67
N32-H32A...023 0.848 2.348 3.162 161.09
N32-H32A...021 0.848 2.648 3.354 141.57
N32-H32B...012" 0.816 2.049 2.856 170.33

i x+l,y, z; ii: x-1,y, z; iii: x-1, y+1, z; iv: X, y—1, z;

Thermal behavior

The thermal behavior of compounds 1, 2 and 3 is
investigated between room temperature and 400 °C
using DTA-TG-DTG analysis (Fig. 5).

Compound 1: DTA measurement shows a slow
endothermic effect at 160 °C without loss of mass on
the TG curve. Such kind of effect, assigned to phase
transition, has been reported to be at 189 °C for te-
tramethylammoniumsulfate[25]and intheinterval
154-170 °C for tetracthylammonium tetrachloro-,
bromotrichloro- and tribromochloroferrates(III)
[26]. In the last work additional endo-effects cor-
responding to the melting point of the compounds
are observed between 265-283 °C. However, in
DTA curve of compound 1 similar effect cannot be
clearly defined, because the melting and the main

decomposition of the compound seem to occur si-
multaneously. These processes manifest a sequence
of exo- and endo-effects maximizing at 297 and
330 °C, respectively, and are related to about 70%
mass loss, which corresponds to a partial degrada-
tion. The described thermal behavior is rather simi-
lar to that in [26], where the thermal decomposition
of tetracthylammonium salts had occurred in two
main steps: first one, maximazing at 380—390 °C and
corresponding to 60—79% mass loss and the second
one — much slower, coming to an end at 700 °C and
relating to the remaining sample mass loss.

The thermal behavior of compounds 2 and 3
(Fig. 5) becomes more complicated as compared
with that of 1 and shows a complete degradation up
to 400 °C. The first endothermic effect in the DTA
curve (due to the melting of compounds without
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Fig. 5. DTA-TG-DTG curves: a) compound 1; b) compound 2 and ¢) compound 3
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mass loss on the TG curves) of compounds 2 and 3
appears at 57 °C and 85 °C respectively, while the
melting point of pure thiourea and urea has been ob-
served respectively at 158 °C [27] and 132 °C [28].
Most probably, the presence of crystallization water
in compound 2 decreases the melting temperature of
that compound. At the same time the water in this
sample continuously releases up to 150 °C with mass
loss of about 5%, which corresponds to 1 molecule of
H,O (Fig. 5b). The melting temperature of the stud-
ied compounds decreases in the order: 1> 3 > 2.

As it is evident from the DTA-TG-DTG curves
at least four events occur during the decomposi-
tion of both adducts being more clearly separated in
compound 2 (Figures 5b and 5c). The process starts
after the compound’s melting with exothermal event
on DTA curves following by series of endothermal
events. These events manifest at lower temperea-
tures for the urea adduct (compound 3) comparing
with the thiourea one (compound 2).

The thermal degradation of tetracthylammonium
salts has been investigated ever since the beginning
of 20™ century [29]. Two main ways of degrada-
tion have been defined both related to generation
of a tertiary amine: beta degradation known also as
“Hofmann degradation” and a nucleophilic substi-
tution [30]. However, the decomposition processes
of the studied compounds are more complicated due
to the complex degradation of the HSO, group and
the presence of Urea or Thiourea molecules.

CONCLUSIONS

Urea and Thiourea adducts of Et,N.HSO, were
synthesized and the crystal structures of the initial
alkyl-ammonium salt and both adducts Et,N.HSO,.
TU.H,O and 2Et,N.2HSO,.H,SO,.3U were solved.
The structural analyses show that all three com-
pounds have similar structures, where the large Et,N
cations are sandwiched between layers of hydrogen
bonded anions or anions and molecules. The cation
shape depends on the free space between the layers.
In the initial alkyl-ammonium salt Et,N has “Nordic
cross” shape with 4s symmetry, while in both adducts
it becomes less compact and has D2d symmetry.

The most complicated hydrogen bonding sys-
tem with strong O—H...O bonds is observed in
the Urea containing adduct. This supposes high-
er stability of that configuration compared to the
thiourea compound, which is confirmed by the
thermal analyses data. The structural features af-
fect the melting point of the studied compounds
and the observed melting temperature decreases in
the following order: Et,N.HSO, > 2Et,N.2HSO,.
H,SO,.3U > Et,N.HSO,.TU.H,0.
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KPUCTAJIHA CTPYKTYPA I CBOMCTBA HA YPEA I TUOYPEA AJIYKTU
HA TETPAETHUJI AMOHUMEB XU/IPOI'EH-CYJIOAT

K. Koces, X. Coupkona, H. Ilerposa, b. IlluBaues, P. Hukonosa*

Hnemumym no munepanocus u kpucmanoepagus ,, Akaoemux Hean Kocmog
bwneapcka akademus na nayxume, yu. akaoemux I'. bonues, 61. 107,
1113 Cogus, Bvreapus

Ioctpmna pespyapu, 2013 r.; mpueta maii, 2013 .
(Pesrome)

CuHTe3npaHH ca IBe CheIMHEHHs Ha TeTpaeTnin-aMonneB-xuapores cyndar (Et,N.HSO,) c Tnoypea (TU) u ypea
(U). IIspBoHaUanHus MpoAyKT TeTpacTmii-amonues-xuaporex cyndar (Et,N.HSO,) u nBere HOBM cheauHeHHs ca
XapaKTepU3UpaHu upe3 peHTreHOCTPYKTypeH (XRD) u repmuyen (DTA-TG) ananmsu. OnpeneneHu ca KpUCTATHATE
CTpyKTypH Ha Thprosckus npoaykt Et, N.HSO, (1) u asere nHoBu creaunenns Et, N.HSO,. TU.H,0 (2) u 2Et,N.2HSO,,.
H,S0,.3U (3). Crenunenusta 1 u 2 KpUCTaIM3UpaT B MOHOKJIMHHA IpocTpaHcTBeHa P2 /i, a ceenunenus 3 B Tpu-
KJIMHHA TPOCTpaHcTBeHa rpyna P 1. Katnonute n annonuTe B cheanuenne 1 ohopMAT CI0MCTO-MOI06HA CTPYKTYpa
B KOSITO C€ PEyBaT CI0EBE OT TETPACTHI-aMOHHBH KaTHOHH 1 CBBP3aHU C BOJAOPOIHH BPB3KH XUIPOTeH-CYJI(haTHU
aHnoHu. Kpucrannure cTpykTypH Ha HOBOCHHTE3MPAaHUTE MAaTEpPUANIM ca MOJOOHM Ha Ta3W Ha CheAnHeHue 1, HO
AQHMOHHUTE CJIOEBE UMa M0-KOMJIEKCEH CTPOEXK, [TOpaIi HAININETO Ha THOYpea U BOJA WM ypea MOJICKYJIH 33 Che-
JuHeHHs 2 1 3 choTBeTHO. TepMUYHOTO TIOBE/ICHHUE HA ABATa aayKTa € I0-CJI0KHO B CPABHEHHE C TOBA HA ITbPBOHA-
yanaus npoaykt Et,N.HSO,, karo Temneparypara Ha TOIICHE Ha M3CJICBAHNUTE ChEIMHEHNSI HAMAJISBA B IIOCOYEHATA
rnocieqoBarenHoct: 1 >3 > 2.
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The orthodontic archwires are an integral part of the fixed appliance used for treatment of orthodontic malocclu-
sions. The chemical composition of the surface of three of the most frequently used archwires in orthodontic treatment
worldwide and in Bulgaria is investigated, which consist of the following types of metal alloys: chromium-nickel
stainless-steel, nickel-titanium, and titanium-molybdenum. The results of XRD, SEM and EDS show that the main el-
ement composition of the orthodontic archwires has not been changed for the examined residence time in the patient’s
mouth, which is an average of 6 and 10 weeks and the complex oral bacterial flora does not influence them.

Key words: orthodontic wires, XRD, SEM, EDX, surface chemical composition.

INTRODUCTION

The orthodontic wires are an integral part of the
fixed appliance which is used to treat orthodontic
malocclusions. The most frequently used archwires
are made of the following alloys: chromium-nickel
stainless steel, nickel-titanium, titanium-molybde-
num and copper-nickel-titanium. Each of these al-
loys has its specific characteristics and the corre-
sponding wires made by them possess the typical
mechanical properties which enables choice in dif-
ferent treatment phases.

The orthodontic wires, made by stainless
steel, classified by AISI (American Iron and Steel
Institute) as type 304, are with chemical composi-
tion as follows: approximately 71% iron, 18-20%
chromium, 8—11% nickel and quantities of carbon,
manganese and silicon, respectively not exceeding
0.08%, 2% and 1% [1, 2]. Their mechanical prop-

* To whom all correspondence should be sent:
E-mail: mirolina@abv.bg

erties are determined by the chemical composition
and the microstructure and they are the most fre-
quently used in their austenitic form. They are hard,
elastic and have the smoothest surface, which leads
to reducing of the friction between the wire and the
brackets [3].

Nickel-titanium wires presented by Andreasen
and Hilleman [4] in 1970 contain nearly equal
amounts of nickel and titanium, respectively, 54—
55% and 43-44%, and minimum amount of cobalt —
1.6-3%. They have very low modulus of elasticity
and high elastic potential compared to the stainless
steel and thus they are able to let out weak and con-
tinuous forces, which is desirable during the ortho-
dontic treatment. These first wires are in martensite
state and it is believed that they have curved mono-
clinic, three-clinic or hexagonal crystal structure
[5]. They are known as non-super-elastic. The mod-
ern orthodontic nickel-titanium wires exist in the
austenitic state with cubic crystal structure. They are
called super-elastic and are able to undergo stress-
induced transformation from austenite to marten-
site. When subjected to load or activated till elastic
deformation they restore their shape approximately
8% of the initial [6].

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 455
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Later titanium-molybdenum wires are introduced
(B-Ti, or TMA) [7], which are characterized by a
high springy effect, low hardness, can be bent and
directly soldered. The Element composition of these
wires contains: 79% Ti, 11% Mo, 6% Zr and 4% Sn,
and the adding of zirconium and zinc contributes to
the strength and hardness of the arch. Their major
disadvantage is the high friction coefficient.

A new generation of wires is the copper-nickel-
titanium arches, which are known as orthodontic
wires with shape memory, also called heat-activat-
ed. That’s because they can be deformed in the mar-
tensite state but when increasing their temperature
in the oral cavity a phase transformation is induced
towards austenite and the form of the arch is re-
turned to the original one [8].

The presented three types of orthodontic wires
are used at certain treatment’s stages with fixed
equipment. They stay in the mouth a certain period,
during which they are exposed to the aggressive
environment of the oral cavity. The latter is char-
acterized by the presence of complex oral micro-
flora, which together with its bioproducts forms and
accumulates plaque around the material [9]. Also
the impact of food that the patient used, the type of
tooth pastes and the temperature changes occurring
in the oral cavity should not be overlooked. All this
leads to changes in the surface characteristics of the
retrieved orthodontic archwires.

It is established that the surface of the orthodon-
tic wires is covered by the formed intraoral protein
coat which covers up their topographic surface to
a degree depending on the individual patient’s oral
circumstances and on the intraoral exposure period.
The film’s organic components founded on alloy’s
surface are amide, alcohol and carbonate while the
predominant elements are sodium, potassium, chlo-
ride, calcium and phosphorus [10].

In the present study are considered three types
(chromium-nickel stainless steel, nickel-titanium,
titanium-molybdenum) orthodontic archwires and
the changes in the chemical composition of the
surface are observed when these wires are used for
treatment.

MATERIAL AND METHODOLOGY

The research is on the orthodontic archwires of
patients treated in 2012 by researchers — orthodon-
tists. In relation to the study’s objectives we pro-
vided the tested three main types of orthodontic
wires in 3 pieces each, Table 1. The type A wires
are with circular cross section 0.016 inches, and the
remaining B, and C have a rectangular cross sec-
tion — 0.016x0.022 inches. These are some of the
most commonly used wires as a size and type that
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Table 1. Characteristics of investigated
orthodontic wires

Type of Cross section ~ Time of residence
orthodontic wires [inches] in the mouth
A — stainless steel, 0.016 A6 — 6 weeks
AISI 304* A10 — 10 weeks
B —nickel-titanium  0.016 x 0.022 B2 -2 weeks
alloys B6 — 6 weeks
B10 — 10 weeks
C — beta-titanium 0.016 x 0.022 C6 — 6 weeks

alloys C10 — 10 weeks

are offered by the distributors to the orthodontists in
Bulgaria. The treatment of patients with orthodontic
malocclusions is carried out with them as at certain
treatment’s stage the appropriate type and size wires
are placed. Two wires are used of each type, which
are compared with the corresponding starting wires,
called control ones. The selected wires are used for
the treatment and stayed in the patient’s mouth, re-
spectively 6 and 10 weeks. This period covers the
average time of residence of the orthodontic wires
at the mouth of the patient in order to perform a cer-
tain stage of orthodontic treatment. All wires, after
removal from the patient’s mouth, they are cleaned
with disinfectant and placed in a resealable plastic
bag each along with a note in which the following
data is recorded: patient’s name, his age, wires’
type, the size, date of placement, date of removal,
the total time of stay in the mouth.

The studied wires were analyzed by X-ray dis-
persive analysis (EDS), X-ray powder diffraction
and scanning electron microscopy (SEM). Powder
X-ray diffraction patterns were collected within
the range from 5.3 to 80° 20 with a constant step
0.02° 26 on Bruker D8 Advance diffractometer
with CuKa radiation and LynxEye position sensi-
tive detector. Phase identification was performed by
the program DiffracPlus EVA using ICDDPDF-2
(2009) database. The microstructure of the wires
surface was studied by means of Zeiss EVO MA-15
scanning electron microscope (SEM) with LaB,
cathode on the polished cross-section samples. The
chemical composition was determined by the X-ray
microanalysis using the energy dispersive spectros-
copy (EDS) method and Oxford Instruments INCA
Energy system. The qualitative and quantitative
analyzes were carried out at an accelerating voltage
20 kV, an optimal condition for these samples.

RESULTS AND DISCUSSION

XRD patterns of the orthodontic archwires from
the type A are amorphous, these of type B and C
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are presented in Figure la) and 1b) respectively.
On Fig. 1a) it can be seen the peaks of a crystal-
line phase marked with asterisk. The peaks corre-
spond to the NiTi alloy with composition Ni, (,Ti, o
(ICDDPDF#65-5746) with cubic type structure
S.G. Pm-3m and unit cell parameter 3.01A. For the
peaks of the alloy presented in Fig. 1b) the best cor-
respondence was found with a hexagonal phase
(Ti,Sn) with unit cell parameters a = 4. 65 A and
¢ = 5.7 A. It is worth nothing that an amorphous
hump is seen of the diffraction patterns of arches
after prolonged usage for patient treatment. This
amorphous part comes not only from corrosion
processes on the wires surface but mostly from or-
ganic residues. The formed biofilms and calcifica-
tion layers are well adsorbed to the wire surface and
may play protective role towards the alloy surface.
It should be mentioned that the presence of such
films as well as their thickness and composition do
not correlate well with the time of the wires appli-

a
*
*
10 weeks
F T T
30 40

Intensity [a.u.]

50 60 70 80 90
20 [deg.] CuK,,

cation. The quality of the film is also patient de-
pendant. These differences are mainly related to the
nourishing traditions, composition of the saliva and
the hygienic habits.

The information about the change in the surface
morphology of the orthodontic wires is obtained by
scanning electron microscopy (SEM), Fig 2. The
observed change in the surface of the archwires is
studied in details through energy dispersion study
(EDS). The method used allows quantitative iden-
tification of the chemical composition by elements
and focuses on the corrosion changes of the alloy
rather than commenting on the complex oral flora.
In Table 2 are presented the average values of the
main components contained in the wires’ alloy (Fe,
Cr, Ni, Si and Mn) as well as the identified inclu-
sions (P, S, Cl, K, Ca). For comparison are used the
data of the studied as-received wires. The results in-
dicate that the presence of the inclusions are as a re-
sult of the oral bacterial flora and of the oral hygiene

b
5 10 weeks
S, |
3 1|
]
c
K] 6 weeks
£
Unsused
LR
T T T T T T 1
30 40 50 60 70 80 90

20 [deg.] CuK,

Fig. 1. a) XRD patterns of the orthodontic archwires type B at different stages of treatment; b) XRD patterns of the
orthodontic archwires type C at different stages of treatment

stainless steel, AISI 304

10 weeks

Fig. 2. Scanning electron microscopy images of A-austenitic stainless steel wires with cross section 0.016 inches:
a) — as-received (A); b) — 6 weeks retrieved wire (A6) and ¢) — 10 weeks retrieved wire (A10)
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Table 2. Elements content in new wire type A-stainless steel and used ones after

6 and 10 weeks

Elements, S ¢ Mn Fe Ni P.S.CLK. Ca
weight %
Initial components content 67 1948 14 7019 826 -
(new wire)
Mean components content o0 1951 51 6963 839 175
after 6 weeks treatment
Mean components content ) o5 1944 149 6970 838 2.89

after 10 weeks treatment

of the patient, while the main element composition
of the orthodontic archwires from the stainless steel
does not change for the examined period of treat-
ment (6 and 10 weeks).

The second type of studied orthodontic wires
is composed of nickel and titanium in almost
equal amounts. Figure 3 shows the structure (3a)
and the spectrum of the performed integral anal-
ysis of the element content by EDS (3b) of the
as-received wires. The analysis confirms the two-
component composition of nickel (54.67 wt.%)
and titanium (45.38 wt.%).

—

nickel-titanium

100 pm
—

After the usage of the wires correspondingly
6 and 10 weeks, which is shown in Figure 4, again
changes of the surface are observed, which are
associated with the presence of oral plaque. The
presented scanning microscopical pictures are of
selected areas of the wires’ surface, where a point
element analysis is made. The average values of
the element composition are shown in Table 3.
The quantity of nickel and titanium is not changed
during the time of use. On the wires’ surface that
has stayed in for 10 weeks are observed surface
irregularities, Figure 4c, which we assume, are as

Fig. 3. Scanning electron microscopy images of as-received nickel-titanium wire and EDS spectrum of wire

100 pm 200 pm

10 weeks

100 pm

Fig. 4. Scanning electron microscopy images of retrieved nickel-titanium wires: a) — 2 weeks retrieved wire (B2); b)
— 6 weeks retrieved wire (B6) and c) — 10 weeks retrieved wire (B10)
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Table 3. Elements content in new wire type B — nickel-titanium alloys and used ones

after 2, 6 and 10 weeks

Elements, . .
weight % Ni Ti Al P,S,CLK, Ca
Initial components content (new wire) 54.67 45.38 -
Mean components content after 54.85 45.16 2.06
2 weeks treatment
Mean components content after 5433 45 48 1.48
6 weeks treatment
Mean components content after 5474 45.30 022

10 weeks treatment

a result of mechanical action. According to some
authors [11] such surface alterations may be caused
by loads during chewing. It is difficult to trace and
investigate the corrosion according to the treat-
ment’s time stage and the wires’ residence in the
mouth due to the individuality of each patient (type
of food, hygiene, age, gender, etc.). As an example
we will point out the carried out analysis of nickel
- titanium archwires used only for 2 weeks (B2), in
which there is a large percentage of accumulated
plaque on the surface in comparison with those
used for 6 and 10 weeks, Fig. 4a, Table 3. From the
analysis it appears that the coating deposits cannot

beta-titanium alloys

be regarded as foci of corrosive change in wires.
In-depth research on the mechanical resistance is
about to be made.

Figure 5 shows the structures of titanium-mo-
lybdenum orthodontic archwires, respectively, 5a
— as-received, 5b — after 6 weeks, and 5Sc, after 10
weeks of use. The determined chemical composi-
tion by EDS analysis is presented in Table 4. The
trend to maintain the main components of the alloy
(Ti, Mo, Zr, and Sn) is also observed in this type of
orthodontic wires. The element study of the wires
surface’s changes indicate the presence of Na, Ca,
Cl, which is associated with biofilm formation and

10 weks

Fig. 5. Scanning electron microscopy images of retrieved beta-titanium wires with cross section 0.016x0.022 inches:
a) — as-received (C); b) — 6 weeks retrieved wire (C6) and ¢) — 10 weeks retrieved wire (C10)

Table 4. Elements content in new wire type C beta — titanium alloys and used ones

after 6 and 10 weeks

Elements,

weight % Ti Zr Mo Sn Na, CI, Ca
Initial components content 76.90 6.36 11.87 4.86
hcan somponens content after 7680 711 1145 465 0.52
Mean components content after 7709 6.54 12.4 3.95 427

10 weeks treatment
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does not contribute to a change of the initial wires’
chemical composition.

CONCLUSION

The studied orthodontic archwires made of
stainless steel, nickel-titanium and titanium-mo-
lybdenum is essential in orthodontic treatment.
The analyses made and the achieved results show
chemical resistance of all three wires. The ortho-
dontic archwires are under continuous influence of
the saliva, which is different from patient to pa-
tient and depends on the age, the hygiene of meal,
the individual oral hygiene, which determines the
plaque quality in the oral cavity, the presence of
different diseases. From the carried out tests it is
established that the complex oral flora, regardless
of the changes it is subjected to according to the
above described factors, it does not alter the major
components of the alloys, which make them bio-
compatibility to the patient.

10.
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KOPO3MOHHU [TPOMEHU B XUMNYHUA CbCTAB HA IIOBBPXHOCTTA
HA OPTOAOHTCKMU ABI'U ITPU U3ITIOJI3BBAHETO UM 3A JIEUEHUE

B. T Ilerpos!, C. JI. Tep3uesa®*, 11. . JIazaposa®, B. Muxn*,
JI. A. Aunpeesa!, A. K. CrosnoBa-lBaHoBa?
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* [lenmwp 3a uzcnedsane na mamepuanu kom Texnuvecku Ynusepcumem — Tanumn,
Ehitajate 5, 19086 Tanun, Ecmonus

[Moctenuna ¢espyapu, 2013 r.; npueta maii, 2013 1.

(Pesrome)

OpTOIOHTCKHUTE IBIH Ca HEPA3ACJICH eIEMEHT OT (PMKCHUpaHaTa TEXHUKA, H3MI0I3BaHa 3a JeYEeHHEe Ha OPTOJOHT-
ckute nedopmannu. M3cineaBan e XUMUYHKS ChCTaB HA IOBBPXHOCTTA HA TPH OT Hal-M3I0JI3BAHHUTE ABIY 32 JICUCHNE
B bBarapus, cbCTOAIIM ce OT CIETHUTE BUAOBE METAIHU CIUIaBU: XPOM-HHUKEJIOBAa HEPBXKIaeMa CTOMaHa, HUKEI-TH-
TaH, THTAH-MOJIMOJICH M MEJI-HUKeN-TUTaH. Besika efiHa OT Te3M CIUIaBM MMa CBOMTE ClielM(UYHHE XapaKTePUCTUKH U
HaMpaBeHUTE OT TSIX ChOTBETHH JIbIU MPUTEKABAT XapaKTEPHU XUMHUHU U MEXaHUYHU CBOMCTBA, JaBalKH BB3MOXK-
HOCT 3a n300p npu ynotpedaTa UM B pa3jIMuHUTE €TalH OT JeYeHUEeTo. Pe3ynraTuTe OoT HalpaBeHUTE PEHTICHOBU U
MOP(]OJIOrMYHN TOBEPXHOCTHH U3CJIEIBAHMSI TOKA3BAT, Y€ OCHOBHHST XMMHUECH ChCTAB Ha OPTOJOHCKUTE ABIU HE Ce
MIPOMEHs B IIEpHO/ia Ha JieueHue, KOUTo e Mexay 2, 6 u 10 ceqmunu. Hannunero Ha XUMHUYHU IPUMECH U OTJIaraHus
ce CBbp3Ba C MHMBUAyallHaTa OakTepruaiHa MUKpodiopa B ycTHAaTa KyXMHA Ha BCEKH MAllMCHTHT.
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Generally it is difficult to locate hydrogen atoms accurately using X-ray data because of their low scattering power
and lack of core electrons. For many purposes the hydrogen positions can be calculated according to well-established
geometrical criteria. Nevertheless, in some cases the positioning of the hydrogen atoms is tricky. Usually the problem
arises when solvent molecules (e.g. water, OH groups or ammonia) are present in the crystal structure. Fortunately,
hydrogen bonding interaction are characterized by an appropriate geometry and distance between the donor (D) and
acceptor (A) atoms and requires the participation/presence of a hydrogen atom (D — H <= A). Thus, if the coordinates
of the donor and acceptor atoms are known one can calculate the coordinates of the “elusive” hydrogen atom. The
program DHA uses an extremely simple mathematical apparatus to produce the coordinates of the hydrogen atom (H)

participating in a D — H e*¢ A type of interaction.

Key words:

INTRODUCTION

Nowadays, single crystal X-ray data collection
and structure solution has become a very accessi-
ble, popular and routine experimental technique.
Interestingly, the most popular software, ShelX
[1] used for structure solution and refinement has
remained almost untouched since 1993, although
1997 and 2013 versions are available (Shelx, 2013).
Various graphical user interfaces (GUI) were de-
signed and implemented over the years to circum-
vent the “tedious” text typing, editing and manip-
ulation of the input (*.ins) and output (*.res) files
of Shelx programs [2, 3]. Certainly, several other
free and commercial [4—6] software packages are
available to the end-user but as the standard is set
by ShelX most of the features are similar to those
implemented in ShelX. One of the very few elusive
options in those programs is the positioning of H
atoms when suitable geometrical criteria fail and
electron density from difference Fourier is not avail-
able. Usually the problem arises for solvent (water,
OH, NH, etc.) atoms/molecules that are present in
the crystal structure. However, if suitable hydrogen

* To whom all correspondence should be sent:
E-mail: blshivachev@gmail.com

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

bonding geometry and distance (directionality) be-
tween such atoms (D e A) is detected the hydrogen
atom should also be present. The DHA program tar-
gets the calculation of hydrogen atoms’ coordinates
when hydrogen bonding interaction criteria are en-
countered but the usual positioning of the hydrogen
atom is either impossible or inaccurate.

METHODS

The mathematical apparatus required for the
calculation of the H atoms coordinates is extremely
simple. The distance D,, between two atoms Al
(with coordinates x/, y1, zI) and A2 (coordinates
x2, y2, z2) can be calculated as:

Dy = /(x1 = x2)? + (y1 — y2)2+(z1 — 22)2 (1)

The coordinates of the atom A ,, lying exactly in
the middle between A1 and A2 are easily obtained:

x1+ x2
Xmid = 2

yl+y2

z1+z2
» Ymid = 2 (2)

»Zmid = 2

The distance between Al and A, (or A, and
A2) can be obtained according to eg. 1. Using the
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Al coordinates (x1, y1, z1)
A2 coordinates (x2, y2, z2)
Dy, = final distance
Error precision (e.g. 0.001 A)
A4 coordinates= (x1+x2)/2, (y1+y2)/2, (z1+22)/2

A 4
D;_mig Calculates distance between Al and A, 4

> Abs = Dy, = Dy.ig
Remembers mid coordinates (X4, Yoidr Zoig)

Required input data
and
Starting values calculation

Re-calculation of
Error and
distance Aland A4

IF T

lConditional block

|

Abs < error

Gradient optimization cycle

yes

>| Output coordinates

Change of A4 coordinates
in function of < or > from
required distance

v

New A4 coordinates =
(xold+xmid)'/2- (YOld+Ymid)-”2- (Zold+zmid)""2

New A, ;4 coordinates = (X1+X;4)/2, (Y14Vmia)/2, (21+2Z44)/2 |

.

»

)

Fig. 1. Scheme of the algorithm of DHA program

coordinate descendent method [7] one can obtain
the coordinates (within a predetermined error) of
an atom located at the required distance from Al
(Al --A_ ). The logical algorithm of the program is
shown on Figure 1.

Hardware environment. The program is intend-
ed to run on personal computers and has minimal
requirements for disk space and memory.

Software environment. The program is written in
Visual Basic (VB) and utilizes the Dot.NET tech-
nology allowing it to be run on different operating
systems.

For simplicity all of the calculations are carried
out in Cartesian coordinate system. The conversion
of fractional to Cartesian coordinates and backwards
is performed as follows:

a bcos (y) c cos (B)
x 0 bsin () cos(a) — cos(B) cos(y) | ra
s
7 0 0 cv c

sin (y)

1 cos (y) cos(a) cos(y) — cos (B)

a  asin 2] avsin (y)
a _ 1 cos(B) cos(y) — cos (a) x
b= |0 . . y “4)
c bsin (y) bv sin (y) z

0 0 sin (y)

cv
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v = /1 —cos2(a) — cos?() — cos?(y) + 2cos(a) cos(f) cos(y) (5)

The assumption is that both coordinate system
share the same origin, the g-axis is collinear with
the x-axis, and the b-axis lies in the xy-plane.

INPUT DATA

The program requires the following data in order
to return the Hydrogen coordinates (Fig. 2):

1. Unit cell parameters a, b, ¢, o, f, y in A,

2. Fractional coordinates of the donor (x/, y1, z1),

3. Fractional coordinates of the acceptor atom
(x2, 2, z2),

4. Optionally a DH, donor-hydrogen distance
(0.96 A is pre-imputed).

OUTPUT DATA

The program outputs the Cartesian and fractional
coordinates of an atom located at DH (A) from
the donor atom.

DISCUSSION

The choice of a suitable (default) O-H distance
is very difficult. Internuclear O—H distances for iso-
lated molecules in the gas phase are about 0.96 A

(e.g. 1.10 A for C-H). However, the appropriate
distance to use for X-ray diffraction must be appre-
ciably shorter to allow displacement of the center
of gravity of the electron distribution towards
the oxygen atom, and also for oscillating effects.
Fortunately SHELXL-97 provides a selection of op-
tions (AFIX and HFIX) for positioning and refining
hydrogen atoms from geometrical criteria (ShelX
manual [1]). For routine refinement, and when suit-
able geometrical criteria are available (e.g. tertiary
CH (HFIX 13), secondary CH, (HFIX 23), ethylenic
CH, (HFIX 93), acetylenic CH (HFIX 163), BH in
polyhedral boranes (HFIX 153) and aromatic CH
or amide NH (HFIX 43) etc.), the choices of hydro-
gen atoms generation are multiple (trough combina-
tion of AFIX and HFIX instructions). The hydro-
gen coordinates are re-idealized before each cycle,
and “ride” on the atoms to which they are attached
(i.e. the coordinate shifts are the same for both the
heavy atom and riding H atom). Hydroxyl and me-
thyl groups are more difficult to position accurately
but if good data are available (e.g. low-temperature
data) the method of choice is HFIX 137 for CH,
and HFIX 147 for OH groups (torsion angles are al-
lowed to refine while keeping the X—H distance and
Y—X-H angle fixed).

OMIT instruction combined with L.S. 0, FMAP 2
(e.g. F, — F)) and PLAN-100 (list the coordinates
and geometry of the highest 100 non-zero electron

Calculates H coordinates for D-H...A

Unit cell parameters

alpha beta gamma

100.114 | [s4421 | [100524 |

a b c ..g

®

17.9438 | [14225 | [14.895 || ©

(O -5

Donor atom coordinates ffractional) o

(@

x1 y1 z1 -
0478687 |  [0.460693 | (0367682 |

Acceptor atom coordinates ffractional)

y2 22
0513437 | (0365398 | [0361328 |
Input desired donnor H distance |0.96 ‘

calculated H atom coordiantes ffractional)
x Y z
0502311 | (0396317 | (0363362 | ©
—-—
©
|0A502311 0.396317 0.363362 I ©
—-—
-5
2.543358 4498577 | [5.294185 | &
5
D ... Adistance is: 1.412357
D-H distance 0.960151
Please cite: Bul.Chem.Comm. 2013 issue4, page. xx BLSvO1

Fig. 2. Input/output window of DHA program
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densities) enables an “omit map” to be calculated,
which is a convenient way of checking whether
there are actually electron density peaks close to the
calculated atom positions (the H atom should not
be already present). In this omit map, if a non-zero
electron density (peak) appears in the Fourier out-
put, then there is an actual peak in the difference
electron density synthesis that can be assigned to a
hydrogen position (AFIX 03).

In the case of isolated solvent molecules (water,
OH, NH,, etc.) no suitable geometric criteria are
applicable and thus the location of the H atom(s)
depends only on the data quality. Unfortunately,
solvent molecules are usually far more mobile
than the other atoms of the structure and thus
their isotropic U’s are bigger. Therefore, the dif-
ference Fourier map may not allow the location
of the solvent H atoms. Usually the solvent mol-
ecules that are present in the structures participate
in hydrogen bonding interactions that stabilize the
three-dimensional crystal packing. Thus if suitable
hydrogen bonding geometry and distance (direc-
tionality) involving solvent (donor and/or accep-
tor) is detected, the hydrogen atom should also be
present. Assuming that the D—H distance is known
one can calculate the H atom coordinates from the
ones of D and A (D ee¢ A).

The program has been used for the determina-
tion of solvent H atom coordinates for the structures
cited in refs. 8 and 9.

CONCLUSION

The DHA program calculates hydrogen at-
oms coordinates when the usual positioning of
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the hydrogen atom is either impossible or inaccu-
rate but hydrogen bonding interaction criteria are
encountered.

Availability: The program is available free of
charge and can be downloaded from the www.imc.
bas.bg/dha site or supplied upon request.

Acknowledgments: The financial support of Bul-
garian Science Fund grant DRNF 02/1 is gratefully
acknowledged.
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DHA, ITIPOTPAMA 3A U3UUCJISIBAHE HA KOOPJIMHATUTE
HA BOJIOPOJIEH ATOM KM ATOM PA3TBOPUTE,
YYACTBAII] B BOJIOPOJIHA BPBH3KA

b. [IluBaues

Hnemumym no munepanocus u kpucmanoepagus — Axao. ,, Mean Kocmog*,
bvneapcrka Axademus na Haykume, yu. ,, Axao. I'eopeu bonues*,
onok 107, Cogpua 1113, Bvacapus

Toctpnmna pespyapu, 2013 r.; mpueta maii, 2013 1.
(Pesrome)

[Ipu peHTreHOCTPYKTYpHUS aHAIH3 € CPAaBHUTEITHO TPYAHO JIa c€ MO3UIIMOHUPAT BOJIOPOTHHI aTOMHU Ha 0a3a eKc-
MIEPUMEHTATHA TaHHH TIOPaIi MaJIKHs OOl eleKTPOHH (B IEHCTBUTEITHOCT €IMH) a OTTaM M HICKOTO MM pa3ceiiBaHe
Ha PEHTTCHOBUTE JIFYH. B MHOTO CiTydan BOJOPOAHNATE KOOPAWHATH (TIO3UITUH) MOTAT J1a CE U3YHCIIAT Bh3 OCHOBA Ha
YTBBP/ICHU TEOMETPUYHHU KPUTSPHUH. Bee mak, B HIKOH CIIydal Ha MO3UIIOHIPAHE Ha BOJOPOIHUTE aTOMH € TPYIHO.
OOWKHOBEHO TaKbB MPOOIIEM BH3HUKBA, KOTAaTO MOJIEKYIIH Ha pa3TBOpuTeNs (Hampumep Boxa, OH rpymu, aMOoHSK u
IIp.) ca 9acT OT KPHUCTaJTHATa CTPYKTYpa. 3a IIacTHe, BOJOPOJHUTE aTOMH Y4acTBaT BB BOJOPOIHH BPB3KH (B3aUMO-
JIEHCTBUS ), KOUTO C€ XapaKTEePU3HUPAT C MOIXOAAIIA TEOMETPHS U pa3CTOSHUETO Mex Ty foHopa (D) u akiienrropa (A)
Y M3UCKBAT Halmure Ha BogopoaeH atoM (D—H ¢ ¢ « A). [To To31 HauWH, aK0 KOOPIWHATHATE HA ATOMUTE Ha IOHOPA U
AKIIETITOPa Ca U3BECTHU, MOKE J1a CE U3UUCIISAT KOOPIMHATUTE Ha ,,JIUIICBAILUAT  BogopoeH atoM. [Iporpamata DHA
M3I0J13Ba U3KITFOYHUTEITHO MTPOCT MaTEMATHIECKHU arapar 3a W3YHCIIBaHe Ha KOOpIUHATHTE Ha BomopoaeH atoM (H),
ydacTBall BbB B3auMoaecTBus oT Tuna D-H ¢ ¢ ¢ A.
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The thermal stability of the clinoptilolite’s structure is reported to vary in a relatively wide range 600-800 °C
depending on the sizes of the cations, their sites and occupancies. The aim of this study is to reveal and compare the
thermal stability of a natural monomineral clinoptilolite (CP) that contains the most common cations: Na, Ca, K and
Mg and its Zn-exchanged analogue (CZN) having high Zn content of 2.23 at%.

Two different modes of heating were applied: (1) conventional with time-dependent heating/cooling cycles in an
electric oven and (2) in situ with the sample mounted on a high temperature attachment and continuously heated. In
mode (1) the samples were heated up to 600 °C and maintained at this temperature for 3 and 6 hours. With retention
time of 3 hours the CP structure collapses, while the CZN one remains stable and does not show visible structural

changes. The prolonged retention time of (6 hours at 600 °C) results in the collapse of both structures.
In mode (2), the samples CP and CZN were heated from room temperature to 800 °C with steps of 100 °C and
retention time of 20 min. on every step. It was found that the structure of CZN is stable up to 700 °C, while that one

of CP collapses around at 600 °C.

Initially we assumed that the high Zn-content in CZN structure is the one that caused its higher short time thermal
stability. However, the structural refinement conducted on X-ray powder diffraction patterns of heated samples (2)
reveals a continuous displacement of the cations along a- and c-axis.

Key words: clinoptilolite, ion exchange, thermal stability, in situ HT X-ray diffraction.

INTRODUCTION

The zeolite minerals are known for having spe-
cific structural features based on the individual to-
pology of their framework and the differences in the
amount and type of cations located in the “cavities”
of their structures. All these characteristics play
a significant role in their thermal stability [1-3].
Thermal behavior is an important part of the over-
all knowledge of natural zeolites, and each study of
these processes could provide a better recognition
of their distinctive properties that can be used in
various industrial applications. More specifically,
the thermal stability may help understanding certain
kinetic aspects related to: ion exchange, selective
catalysis, molecular sieve properties etc.

* To whom all correspondence should be sent:
E-mail: louiza.dimova@gmail.com
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The heulandite’s group of zeolites is the most
abundant on Earth and contains minerals with
HEU topology [4]. Clinoptilolite is a member of
HEU group with Si/Al ratio greater than four [5].
A widely used empirical method for distinguishing
clinoptilolite from heulandite is the different ther-
mal stability [6, 7]. Heulandite undergoes a struc-
tural collapse at 350 °C, while clinoptilolite remains
stable above this temperature (undergoes structural
collapse in the range 550~750 °C).

The clinoptilolite structure has cations and water
molecules located inside its framework. The number
of cations, their types, site occupancies and charge
distribution over the framework are considered as be-
ing factors for its higher thermal stability. It is well
known that the presence of K™ and Cs* increases the
thermal stability of clinoptilolite [8—12]. Although
dehydration and some of the structural changes of
heulandite group of minerals upon heating are stud-
ied [10, 11, 13, 14,] not all of the associated with
heating internal processes are clarified.

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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In the current paper we study the thermal behav-
ior of natural, poly-cationic clinoptilolite that was
purified from additional phases (CP) and its Zn**
exchanged analogue (CZN).

The thermal stability of both structures was mon-
itored by diffraction patterns taken at various stages
of heating. A detailed analysis of the diffraction
patterns including Pawley whole pattern decompo-
sition and Rietvled refinement were applied to ac-
cess changes in lattice parameters, cation positions
and site occupancies. In addition, a thermally stable
K-exchanged clinoptilolite form was prepared (CK)
and heated the same way as the other two in order
to control the reliability of the applied heating pro-
cedures [1, 8].

Two different heating procedures were applied
in this study:

1. Conventional (stationary) heating, in which
the sample is placed in an electric furnace, heated
and held at a certain temperature for a fixed period
of time and then cooled down. This mode was used
for evaluation of time-dependent short (3 hours) and
long (6 hours) stability of the samples at the critical
for CZN clinoptilolite temperature of 600 °C.

2. In situ heating process, in which the material
is placed in a special “homemade” high temperature
(HT) sample holder and mounted on the goniom-
eter. This approach allows an instant monitoring of
sample’s compositional and structural changes dur-
ing the entire process of continuous heating between
the steps. This way, each diffraction pattern taken at
a certain temperature will represent the actual status
of the material at this moment of heating process.

EXPERIMENTAL
Materials

The studied material is a purified clinoptilolite
tuff from Beli Plast deposit, Eastern Rhodopes,
Bulgaria.

lon exchange

The clinoptilolite sample was subject to pre-
liminary removal of concomitant minerals such as:
quartz, plagioclase, feldspar, mica and was labeled
as CP. This material was used for Zn** and K" ex-
change as described below.

Zn-exchange: 1 g of CP, 10 ml 1M ZnCl, so-
lution and 50 ml distilled water were placed in a
Teflon autoclave. The procedure of zinc exchange
was performed at 100 °C for a period of 30 days.
The autoclave was shook up every day while the
solution of 1M ZnCl, was renewed every second
day. The exchanged material (30" day) was triple

washed with distilled water, filtered and dried at
room temperature. Zinc-exchanged clinoptilolite
was labeled as CZN.

K-exchange: 1 g of CP, 10 ml IM KCI and 50 ml
distilled water were placed in a Teflon autoclave.
The exchange was carried out at 60 °C for 5 days.
The autoclave was shook up every day while the
solution of 1M KC1 was renewed every 40 hours.
The exchanged material was washed and dried.
This potassium-exchanged clinoptilolite was la-
beled as CK.

Chemical analysis

The chemical composition of the samples was
determined by ISP-OES, Varian Vista MPX CCD
simultaneous analyses. The structural formulas of
the CP, CZN and CK samples were calculated based
on 72 framework oxygen atoms. Water molecules
were determined using TG data (mass losses).

Differential Thermal analysis (DTA)/
Thermogravimetric (TG) analyses

The thermal effects and mass losses were moni-
tored by DTA/TG analyses in the 30-750 °C temper-
ature range and were obtained from samples CP and
CZN (weight 12 £ 0.2 mg) under a constant heating
rate of 10 °C min ! and an air flow of 50 ml/min on a
Stanton Redcroft thermoanalyzer.

Thermal treatment and heating procedures

Conventional heating: one set of samples CP,
CZN and CK were placed in an electric oven, heat-
ed and retained at 600 °C for 3 hours. Another set
of samples was heated and retained at 600 °C for a
prolonged period of e.g. 6 hours.

In situ heating — the analyzed samples were placed
and mounted on a homemade HT device adapted for
powder X-ray diffractometer Dron 3M. They were
heated from room temperature (RT) up to 800 °C.
The heating scheme was: steps of 100 °C with a con-
stant heating rate of 10 °C/min and 20 minutes re-
tention time.

X-ray diffraction

The X-ray powder diffraction data collection for
conventionally heated samples was carried out on
a Bruker D2Phaser diffractometer, CuKa radiation,
with scan step of 0.02°/s on a range of 5-35° 20.

X-ray diffractometer Dron 3M, CoKa radiation,
with scan step of 0.02°/s on a range of 5-35° 20 was
used for data acquisition of in situ heated samples.
A detailed description of high temperature equip-
ment is represented [15].
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Table 1. Agreement factors and unit cell parameters for samples CP and CZN at different temperatures

Sample CPRT CP 300 °C CP 500 °C CZN RT CZN 300 °C CZN 500 °C

R,, 9.64 9.74 9.79 9.44 9.28 9.44

R,, 12.7 11.8 11.85 11.37 11.22 12.05

R, 9.68 9.22 8.96 8.69 8.73 9.46

GOF 1.32 1.21 1.19 1.23 1.21 1.28

DW 1.67 2.06 1.86 1.88 2.01 1.76

a(A) 17.661(2) 17.635(3) 17.634(8) 17.649(2) 17.637(4) 17.613(4)

b (A) 17.931(2) 17.612(3) 17.651(5) 17.960(3) 17.741(3) 17.593(4)

c(A) 7.401(2) 7.394(4) 7.384(5) 7.401(3) 7.389(4) 7.382(5)

B) 116.33(4) 116.67(4) 116.71(6) 116.24(5) 116.29(5) 116.62(6)

V (A% 2100(3) 2052.6(9) 2035.4(8) 2104(3) 2073(8) 2045(2)
Rietveld refinement (Fig. 1). The thermal curves for both samples are

The structural properties at RT and high temper-
atures were investigated by Rietveld [16] analysis
on the XRD powder patterns of the in situ heated
samples using Bruker AXS Topas v. 4.0 [17] suite
of programs. A pseudo-Voight profile function was
applied. Profile parameters (20 zero correction,
background, cell parameters) were refined first and
then the positional parameters (locations and site
occupancies) of the cations at three different tem-
peratures: RT (20 °C), 300 °C and 500 °C. Unit cell
parameters for all samples (RT to 800 °C) were cal-
culated by Pawley fitting procedure (Table 1).

RESULTS AND DISCUSSION

The chemical compositions of the samples CP,
CZN and CK are shown in Table 2. The obtained
formulas indicate that the exchanged samples CZN
and CK contain predominantly zinc and potassium
cations respectively.

The thermal behavior and mass losses illustrated
by DTA/TG data are typical for clinoptilolite and
both samples CP and CZN display similar curves

characterized by a broad single endothermic effect
between ~100-300 °C for CP and ~80-250 °C for
CZN. These losses are associated with continuous
loss of mass mainly due to dehydration (removal of
water molecules located in the channels).

The results of thermogravimetric analysis (RT-
750 °C) of CP, CZN and CK show typical values
for the mass losses of 14.5, 14.2 and 11.37 wt.%,
respectively (Table 2).

XRD powder diffraction patterns obtained from
RT, conventional heating (600 °C — 3 hrs) and
conventional heating (600 °C — 6 hrs) for CK,
CP and CZN samples are shown on Fig. 2 (a—c),
respectively. As expected the diffractograms (RT,
600 °C — 3 hrs and 600 °C — 3 hrs) of the CK
sample remains unchanged while those of CP and
CZN samples exhibit a different behavior and are
affected by the conducted thermal treatment. The
most important result obtained from the conven-
tional time-dependent mode of heating was the
higher thermal stability of Zn-exchanged material
after a short-term heating cycle (600 °C — 3 hrs) as
shown on Figure 2b. One can see that the diffraction
pattern of heated for 3 hours CZN is almost identical
with its diffraction pattern at RT (Figure 2a). All

Table 2. Chemical composition of the analyzed samples: CP, CZN and CK (results from ICP-OES)

Oxides Wt % SiO, Al O, Fe,0, CaO Na,O K,0 MgO ZnO LOI*
CP 66.10 12.08 0.28 3.45 1.16 1.92 0.72 >0.01 14.20
CZN 64.75 11.74 0.31 0.80 0.21 0.70 0.29 6.59 14.56
CK 66.25 11.95 0.28 0.45 0.16 9.15 0.22 >0.01 11.37

Calculated chemical formulas:

CP: (Na, ,,Ca, (s K, ;g Mg, 45) Al Sy 5,05, 21.20 H,O;

CZN (Na0.19ca0.39 KOAI Mg0.20 Zn 2.23)A16.3]Si29.61072 2220 HZO’
CK: (NaU.lgcaUJQ I<U.4| MgU.ZU Zn 2.23)A16.3ISi29,61072 2220 HZO’
* LOI — Loss on ignition.
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Fig. 1. The results obtained by DTA TG analysis for sample CP (a) and CZN (b)
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Fig. 2. XRD powder patterns of CP, CZN and CK obtained at RT (a), 300 °C (b) and 600 °C (c)

peak intensities and their positions on the pattern
indicate that the structure of CZN retains its integ-
rity and long-range ordering. This is a clear indica-
tion for unchanged crystal structure in contrast with
the behavior of CP structure, which collapsed af-
ter identical short-term heating cycle. As shown on
Figure 2c the long range order of samples CP and
CZN subject to long-term heating cycle (600 °C —
6 hrs) disappears (amorphization).

The results from in situ HT x-ray experiments ex-
ploring a continuous heating mode do not show any
significant structural changes up to 600 °C (Fig. 3).
For the next step (700 °C) the structure of CP has
collapsed, whereas that one of CZN remains stable.
This shows again the enhanced thermal stability
of Zn-exchanged material over the purified natu-
ral clinoptilolite. In situ HT results show that CZN
structure has collapsed at 800 °C.

As expected, there are some variations of the
unit cell as a function of temperature. It was found

that unit cell parameters a, ¢ and f remain almost
unchanged, whereas the heating affects mainly b
(and thus way the volume, V) (Fig. 4). The reduc-
tion of » and V is slightly more noticeable below
300 °C due to ongoing dehydration process, while
for next heating steps the contraction mechanism re-
mains unclear. This mechanism could be related to
the motion (kinetics and diffusion) of cations inside
the channels.

We attempted to understand this short-term sta-
bility of the Zn?*-exchanged sample by using in situ
heating XRD powder data followed by Rietveld
structural analysis on the diffraction patterns at dif-
ferent temperatures for both samples.

The crystal structure of our clinoptilolite (CP)
was found to be very close to that one reported by
Koyama et al. [9]. It has the same 4 cation sites for
Na, Ca, K and Mg located at almost the same posi-
tions in the channels. The calculated XRD powder
diffraction pattern is very close to that one obtained
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Fig. 4. The parameters that vary significantly: unit cell parameters b and V for samples CP (a) and CZN (b) during in

situ heating process

for our clinoptilolite. Thus, the structure of Koyama
and Takeuchi was used as a starting structural mod-
el in this study.

The results from the performed Rietvled refine-
ment reveal that at high temperatures the cations
move inside the channels. Some of their positions re-
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main unchanged, while others experience shifts. This
is shown on Table 2 and illustrated on Figure 5.

In the refined structure of CP at 300 and 500 °C,
both Na* and Ca?" positions have moved along a- and
c-axes and as a result they have slightly been shifted
away from the center of the channel, while K-position
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remains steady. The most significant change here another position labeled Mg". This high-temperature
occurs with Mg?* cation located at the center of the transitions of Mg position to Mg' and Mg" changes
channel. At 300 °C its initial site splits creating new  the symmetry of its initial site from (2c) to (4i) and
position labeled Mg'. At 500 °C it moves further to  finally to (8§j) (Table 3, Fig. 5).

500 °C

CZN
Y2r T Y
Zn3 Zn3

Fig. 5. The structures of CP and CZN samples refined in RT, 300 and 500 °C and cation positions obtained by using
Rietveld method. The cation labeling is discussed in the text

Table 3. Cation positions, atomic coordinates (X, y, z) of the samples CP and CZN, their occupancies and Wyckoff
positions (Wp) at RT, 300 and 500 °C. The cation labeling is discussed in the text

CP Position T°C X y z SOF Wp
Na 20 0.143(7) 0 0.664(8) 0.26(3) 4i
Na 300 0.145(8) 0 0.664(8) 0.26(3) 4i
Na 500 0.185(9) 0 0.858(9) 0.26(3) 4i
Ca 20 0.038(8) 0.5 0.206(8) 0.44(2) 4i
Ca 300 0.038(8) 0.5 0.131(9) 0.44(2) 4i
Ca 500 0.950(8) 0.5 0.138(8) 0.44(2) 4i
K 20 0.255(9) 0.5 0.088(9) 0.28(3) 4i
K 300 0.255(9) 0.5 0.088(9) 0.28(3) 4i
K 500 0.257(9) 0.50 0.080(9) 0.28(3) 4i
Mg 20 0 0 0.5 0.24 (3) 2c
Mg 300 0 0 0.5 0.09 (3) 2c
Mg' 300 0.092(8) 0 0.051(8) 0.08(3) 4i
Mg" 500 0.075(9) 0.077(8) 0.760(9) 0.07 (3) 8§

CZN Znl 20 0 0 0.5 0.52(3) 2c
Znl' 300 0.162(9) 0 0.076(9) 0.23(4) 4i
Znl" 500 0.080(8) 0.072(9) 0.838(8) 0.07(3) &
Zn2 20 0.043(6) 0.5 0.27(9) 0.17(2) 4i
Zn2' 300 0.075(8) 0.5 0.538(9) 0.20(3) 4i
Zn2" 500 0.085(7) 0.42 0.109(9) 0.11(3) &
Zn3 20 0.092(6) 0 0.464(9) 0.13(2) 4i
Zn3' 300 0.721(9) 0 0.127(9) 0.13(2) 4i
Zn3' 500 0.72(8) 0 0.127(9) 0.19(3) 4i
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Similar changes occur in the structure of CZN
sample where the high Zn-content is distributed in
three Zn** positions. At RT Zn1 and Zn2 occupy the
formerly occupied by Mg*" and Ca?** positions, re-
spectively. The Zn3 position (with low occupancy)
is very close to Znl and because of this both posi-
tions cannot be occupied simultaneously [18].

At 300 °C all three zinc positions: Znl, Zn2 and
Zn3 move along a-axis away from the center of the
channels and along c-axis. The initial Znl position
disappears and transforms to a new position labeled
Zn1'. This changes its initial site symmetry from (2c¢)
to (4i). The shifted position Zn2 and Zn3 are labeled
as Zn2' and Zn3' and keep the same symmetry (47).

At 500 °C both Zn1' and Zn2' continue their mo-
tion along b-axes. Thus Znl' moves to a new po-
sition labeled Zn1" changing again its site symme-
try to (87). The Zn2' moves to a new position Zn2"
changing its site symmetry from (4i) to (&j). The
Zn3' position does not change.

We assume that the movements of Znl and Zn2
during the heating and the transformation of their
initial positions symmetry from (2c¢) to (4i) and fi-
nally to (&) could be the key factor that increases
the HT stability of CZN structure. In the case of
CP, Mg-position is the most mobile one, however
its very low occupancy is insufficient, to hold the
integrity of the structure above 600 °C. In contrast,
the Zn-sites in CZN structure are highly occupied
and their HT migration (movement) and re-arrange-
ment most likely have an effect on charge balance
between the framework and the cations that leads to
the observed higher stability of the CZN structure.
The smaller size of Zn*" compared with the larger
ones of Na*, K* and Ca*' is in favor for its mobil-
ity. On the other hand, the Zn*"-positions cannot be
fully occupied even at high temperatures due to the
limitations imposed by the existing framework’s
charge. Thus, the initial low symmetry cation posi-
tions at RT may uptake only three divalent cations
per unit cell and because of this the observed ther-
mal stability of CZN exists only for a limited time
and eventually the structure would collapse as it has
been observed.

CONCLUSION

The applied two different modes of heating on
purified clinoptilolite and its Zn-analogue ulti-
mately revealed the enhanced thermal stability of
Zn-exchanged material. The steadiness of the refer-
ence sample CK structure confirmed the correctness
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of the applied heating procedure. The unit cell of
CP and CZN shrinks during heating mainly due to
continuous decrease of b parameter. The performed
Rietveld structural analysis discloses the increased
mobility of the cations in the channels. This leads to
transformation of their initial crystallographic sites
symmetry to new ones. This process is more sig-
nificant in the Zn-exchanged form and it is assumed
that it could be a stabilization factor for its higher
thermal stability. Actually, the small Zn cation can-
not ‘hold’ the structure the way this is made by as
the bigger potassium one and this high temperature
stability is temporary.
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IMPUPOJIEH 1 ZN OBMEHEH KJIMHOIITUIOJIUT: IN SITU BUCOKOTEMIIEPATYPHO
ITPAXOBO PEHTTEHOCTPYKTYPHO U3CJIEIBAHE HA ITOBEAEHUETO
HA CTPYKTYPATA U KATUOHHUTE ITO3ULINN

JI. T. Dumoma'*, C. JI. ITerpor?, b. JI. llluBaues'

! Hnemumym no Munepanoeust u kpucmanoepaghus, bAH, yn. ,, Axao. 'eopeu bonueg ™,
on. 107, Coghusa 1113, Pvreapus
2 Vuusepcumem ¢ Toponmo, Xumuuecxku ¢haxynmem, yi. ,, Cetinm [ocopooic® 80,
Topornmo ON, M5S 3H6 Kanaoa

Tloctpmmna pespyapu, 2013 r.; mpueta maii, 2013 1.
(Pesrome)

CrtpykTypaTa Ha KIMHONITHIIONUTA € cTabmiIHa Ipu BUCOKU Temrieparypa (600 mo 800 °C) B 3aBHCHMOCT OT THIIA
Ha KaTHOHWTE B KaHAJMTE, OT TEXHUTE MO3UIMX ¥ OT 32€TOCTTa UM. B HACTOSIIETO N3CIeaABaHE € CPAaBHEHO TEPMUY-
HOTO TIOBEJICHUE Ha MPHPOJcH MOHOMUHepaneH KrnHonTwionuT (CP) u Ha oOMeHeH ¢ nuHKoBH Katnoru (CZN). B
npupoauara CP ¢opma ce cpabpxat Na, Ca, K 1 Mg katnonn, a B CZN 2,23 aT.% nuHK. 3a 1eTa Ha U3CICBAHETO
Ce M3MOJI3BAT [[Ba METO/Ia 3a HarpsBaHe Ha npobwure: (1) KOHBEHIMOHAJICH B 1em u (2) in situ, Ipu KOWTO mpobdaTa e
MOHTHpaHa Ha BUCOKO TEMIIepaTypHa IIPHUCTAaBKa U MOCTENeHHO ce HarpsiBa. [Ipu (1) ce noctura remneparypa 600 °C,
KaTo MpoABIKATENHOCTTA € 3 1 6 yaca. [Ipu oOpasnute 3arpsiBanu 3 gaca cTpykTypara Ha rmpoda CP ce paspymiasa,
nmokaro Ta3u Ha CZN octaBa crabminHa. [Ipu (2) 3arpsBanero Ha oopasmure CP u CZN 3amouBa oT cTaifHa TeMmepaTy-
pa u goctura 0 800 °C cwe crpmka 100 °C u 3agpprxane ot 20 min 3a Beska cThika (~ 3 gaca). CTpyKkTypara Ha 1po-
6a CZN ocraBa ctabumHa 10 700 °C, mokaTo Ta3u Ha CP ce pa3pymasa npu temnepatypa okono 600 °C. Hampaseno
€ CTPYKTYpHO yTOUHEHHE 1o MeToza Ha Rietveld Ha in situ HarpsiBanuTe 1mMpodu, 3a Ja ce YCTAHOBH NMPHYMHATA 32
KpaTKaTa TePMUYHA CTAOMITHOCT Ha IIMHKOBO OOMEHEHHSI KIIMHOIITHIIONNT.
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The proton exchange (PE) technology has focused scientists’ attention for the last 30 years because of the easy and
fast obtaining of waveguides with strong waveguiding effect in electro-optical crystals like LINbO, (LN) and LiTaO,
(LT). The Li, HNbO,/Li, H TaO, layer, formed by Li-H ion exchange, shows complex phase behavior depending
on the hydrogen concentration (value of x). Up to seven phases exist in PE-LN an up to five — in PE-LT. Each phase
forms its own sublayer in the protonated region, the one with the highest value of x being on the top. That is why the
recognition of the top sublayer phase in many cases could be used for some conclusions about the phases building the
rest of the whole layer or for the optical and electro-optical quality of the optical waveguiding layer. It has been estab-
lished that IR reflection spectra of proton-exchanged layers contain new bands within the range 850-1050 cm™' and
each phase has its own reflection spectrum. This way, IR reflection spectra in low-frequency range could determine
the top-layer phase status. The samples investigated were obtained at different technological conditions and the analy-
sis performed contributes to the accumulation of knowledge about the technological control of the phase composition
of proton-exchanged waveguide layers in LN and LT.

Key words: LiNbO,, LiTaO,, optical waveguides, proton exchange, phase composition.

INTRODUCTION and = 0.02 for LiTaO, at 0.633 um). The PE layers
show complex phase behaviour depending on the
hydrogen concentration (value of x) and causing
significant decrease in electro-optical coefficients
and increase in optical losses and instabilities.

The phase model developed by Korkishko et
al. [3, 4], on which contemporary ideas on phase
formation in monocrystalline layers of Li, H MO,
are based, suggests that each phase originates as an
individual sublayer of several hundred nm or less.
In every single one of them An, is a linear func-
tion of concentration. The lattice parameters vary
among phases. Within each phase, the change of the
extraordinary refractive index An, is proportional to
LiMO; + xH" = Li; HMO, +xLi" (M=Nb,Ta)  x; within a phase transition, the value of An, and/

or of the deformations perpendicular to the surface

PE modifies the surface layer (several pm in change by leap. Up to 7 phases could be formed in
depth) by Li—H ion exchange causing a large extra-  LiNDO; (a, K, 16, By, By, B;, B,), and up to 5 — in

ordinary index change An, (An, = 0.12 for LiNbO, LiTaO; (a, «, f'i, Y, 8). o
The complicated phase composition of the pro-

ton-exchanged layers, determined by the degree of
H*-Li" substitution, has oriented the main efforts
since the beginning of the technology to the ways
* To whom all correspondence should be sent: for controlling the phase composition and to meth-
E-mail: m_kuneva@yahoo.com ods for waveguide phase characterization.

Lithium niobate and lithium tantalate are among
the most attractive ferroelectric crystals for integrat-
ed optics. Being an alternative of the most popu-
lar technology for obtaining optical waveguides in
LiNbO; — Ti-indiffusion, proton exchange (PE) [1, 2]
has undergone a strong development in the last two
decades. PE represents a chemical reaction (diffu-
sion and Li-H ion exchange) which takes place in
the surface layer of a crystal immersed in an appro-
priate melt.

Going by the scheme:
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Table 1. Technological and waveguide parameters of the proton-exchanged waveguides: (T — temperature,

t — duration of the PE process, T, and t, — temperature and duration of the annealing, M — number of waveguide
modes at A = 633 nm, An, — extraordinary refractive index change, d — waveguide depth)

. Proton T t Ta t, d Possible phase  Surface
Mool SamPe sowce el 1 g M pump %™ composion  phase
LiTaO, TZ-2 LiHSO, (vapors) 250 20 - - 1 1.23 0.0162 a, K, O S
LiTaO, TZ-3 LiHSO, (vapors) 220 48 - - 1 1.44 0.0101 0, K, O )
LiTaO, TZ-4 LiHSO, (vapors) 200 72 - - 1 2.09 0.0058 a, K, & )
LiTaO, T-1 Benzoic acid 240 8 ;gg } 5 2 2.18 0.0213 B(y) Y
LiTaO, T-2 Benzoic acid 240 31 400 2 5 9.45 0.0155 A a
LiTaO, Z-1 Benzoic acid 240 8 gz(s) i 4 4.25 0.0189 o, K o, K
LiNbO,  LZ-1  LiHSO,(vapors) 250 35 - — 6 266  0.1491 8, B, B, B,
LiNbO,  NM-1  NHHSO,(melt) 230 33 - - 9 247  0.1508 8, B, B, B,
LiNbO,  NM-5  LiHSO,(melt)y 175 15 - - 1 062  0.1222 B,, B, B, B,

EXPERIMENTAL takes place and the measured spectra are affected

Proton-exchanged optical waveguides in Z-cut
LiNbO; and Z-cut LiTaO, were obtained by differ-
ent technology conditions described in Table 1.

The phase analysis based on mode and IR ab-
sorption spectra was performed and reported ear-
lier [5—8], the results being presented also in Table
1. In addition, infrared reflection spectra were reg-
istered in order to confirm the phase composition
as well as to give some indications about the dis-
tribution of the different phases within the proton-
exchanged layers.

IR reflection spectra were recorded at angle of
incidence 0 = 70° (measured from the normal to the
surface) as shown in Fig. 1. The spectrometer ac-
cessories for specular reflectance were fixed- angle
ones (for 20° and 70°). Since the penetration depth
depends on the angle of incidence, at smaller angles
(closer to the normal incidence) deeper penetration

C] 0
air
d n=nb+An Lll.xHxM03
e LIMO;

Fig. 1. Schematic sketch of IR reflection measurements

by the presence of the various phases forming the
waveguide. It was established [9] that at 70° the
spectrum of the surface layer is separated from those
of deeper situated layers in multiphase guides. This
way only the surface phase could contribute to the
reflection spectra of multiphase waveguides and the
IR reflection spectroscopy allows the surface phase
to be recognized.

RESULTS AND DISCUSSION
LiNbO,

The IR reflection spectra for LN samples are
presented in Fig. 2.

The reflection IR spectra of protonated LN crys-
tals have new bands compared to the spectra of
virgin crystal (LZ-ref) or a-phase PE-LiNbO, [9].
These bands appear at frequences in the range of
890-1010 cm!, each phase having its own spec-
trum. It has been found that the new bands which
can be attributed to new phases are 975 cm™' for B,
phase, 980 cm™' for B, and B, phases, 970 cm™' for B,
phase [9, 10]. The new band at 890-985 cm! appears
after PE in addition to the lattice spectrum of LN.

The low-frequency edges of the band correspond
to the TO phonons of the NbO, vibration mode. Less
distorted NbO, octahedra without any non-bridging
oxygen ions are present in the o, k, and K, phases, as
well as in pure LN. The appearance of weak extra
bands in the region of IR reflection spectra from 800
to 900 cm™' for all B, phases suggests the presence of
more distorted NbO, octahedra with non-bridging
oxygen ions. Each B, phase is marked by a very spe-
cific lattice vibration spectrum with unique charac-
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Fig. 2. IR reflection spectra measured at 6 = 70° for the
LiNbO, proton exchanged layers

teristic bands. A significant difference between the
crystalline structures of different B, phases exists,
which is introduced by the added chemical bonds
with characteristic frequencies of vibration. This
feature can be used for accurate identification of
phases in any H Li;, NbO, waveguide.

Since the analysis based on mode and IR ab-
sorption spectroscopy suggests a particular phase
composition, where the most strongly protonated
phase is at the surface of the waveguide, particular
changes in the reflection spectrum can be attributed
to the respective phase. This way the analysis was
made which allows a particular frequency band to
be attributed to the presence of the definite phase on
the surface.

The new bands which can be attributed to new
phases are: 955 cm™ and 970 cm™ for «,-phase,
965 cm™! for k,-phase and 965 cm™' for a-phase.

Thus, looking at the spectra in Fig. 2 we could
conclude that B, phase is present on the top of
sample NM-5 while 3, phase forms the top of the
waveguiding layers of samples NM-1 and LZ-1,
which are really strongly protonated. Also, it is seen
that the spectrum of NM-5 is closest to the shape of
the virgin sample (LZ-ref), which suggests that the
contribution of the a-phase is larger than in the case
of the other two samples. It could be seen that LZ-1
and NM-1 have almost the same spectra, confirm-
ing their equal phase composition determined by
other methods, as it can be seen in Table 1.

In the case of analysis of the phase composi-
tion of the most weakly protonated waveguide,
the reflection spectra give particularly important
information since they show that the waveguide is
a single-phase one. As it is known from the phase
model, the single-phase layers form the layer in
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such way that the value of x increases towards the
surface (i. e. the most strongly protonated layer is
at the surface). In our case the uppermost layer
is of the B, phase and therefore, according to the
phase analysis based on mode and IR spectrosco-
py, the possible B, and B, phases are not present in
the protonated layer. (Another possibility is that
the layer is slightly “buried” but the technological
conditions do not suggest such a result).

LiTaO,

The IR reflection spectra for LT samples are pre-
sented in Fig. 3 and Fig. 4.

The main changes in the reflection spectra intro-
duced by proton exchange in Z-cut LiTaO, occur in
the range of 850-1050 cm™'. They were compared
to the spectra of X-cut PE-LiTaO, givenin [10] and
some correlations with lattice deformations and re-
flection minimums were made in order to assign
the spectral changes to a definite phase. According
to [10], the changes observed at 899, 952 and
985 cm™! in IR-reflection spectra of all samples
could be assigned to the B- and y-phases, and the
change at about 1000 cm™ to the d-phase, respec-
tively. Since in the case of the waveguides (Fig. 3)
obtained by proton exchange in vapors (PEV) the
second perturbation is much stronger, we should
conclude that the surface phase of all investigated
waveguides is 0 as their spectra are almost identical.

The phase composition of the annealed sam-
ples suggests the presence of a- and k-phases, so
the new bands in their reflection spectra (Fig. 4)
could be assigned to these two phases: 960 cm™!
for the x-phase, 974 cm™! for the a-phase, 891 for
both a- and k-phases. For the B- and y-phases the

INTENSITY [a.u]

400 600 800 1000
WAVENUMBER [cm™]

1200

Fig. 3. Infrared reflection spectra measured at 6 = 70° for
the LiTaO,-waveguides obtained in LiHSO, vapors
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Fig. 4. Infrared reflection spectra measured at 6 = 70° for
the post-exchange annealed LiTaO,-samples

band has three components at 890-915, 960 and
992 cm!, which are shifted to lower frequencies
compared to the bands for the y- and d-phase of
PEV waveguides.

The results of the IR-spectra analysis for the
investigated LN and LT samples are shown in the
rightmost two columns of Table 1. The information
given by these spectra allows the determination to
be made, which phase forms the uppermost layer
of the waveguide. Thus, the information given by
the analysis of the IR-reflection spectra allows us
to be much more specific when determining which
phases build the investigated waveguide layers.

CONCLUSIONS

» The phase composition of the entire PE-layers
was determined by combined mode and IR absorp-
tion spectroscopy.

* IR reflection spectra of proton-exchanged layers
contain new bands within the range 890-1010 cm!
and each phase has its own reflection spectrum.
This way, IR reflection spectra in the low-frequency
range could determine the top-layer phase status.

* The low-frequency edges of the band cor-
respond to the TO phonons of the NbO,/TaO, vi-
bration mode. The appearance of weak extra bands
in the region of IR reflection spectra from 800 to
900 cm™' suggests the presence of more distorted

NbO/TaO, octahedra with non-bridging oxygen
ions. There is a significant difference between the
crystalline structures of different phases, which is
introduced by the added chemical bonds with char-
acteristic frequencies of vibration.

* The phase-characteristic bands for LiNbO,
are at:

965 cm™! for both a- and k,-phase;

955 em™! for k,-phase;

975 em™! for 3,-phase;

980 cm™' for B,- and B,-phases;

970 cm™' for 3,-phase.

* The new bands assigned to the definite phase
in the case of LiTaO, are:

960 cm! for the k-phase;

974 cm™! for the a-phase;

890 cm! for both a- and k-phases;

890-915, 960 and 992 ¢cm ! for 3- and y-phases,

the components of the first being shifted to

lower frequencies compared to the bands of the
second;

1000 cm™! for the 8-phase.

* The presented results could contribute to the
obtaining of waveguides with control of their phase
composition and therefore of their optical and elec-
tro-optical properties.
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OINPEAEJISIHE HA ITIOBbPXHUHHATA ©®A3A
HA IMTPOTOHHO-OBMEHEHU CJIOEBE B LiNbO, U LiTaO,
YPE3 OTPAXXATEJIHA 1Y CITEKTPOCKOIINA

M. KnHeBa

Hnemumym no gusuxa Ha mewpoomo msno ,,Axao. I'. Haoaxcakos ™,
oya. Hapuepaocko woce 72, 1784 Cogus

Toctpnmna pespyapu, 2013 r.; mpueta maii, 2013 1.
(Pesrome)

IIpororuusaT oomen (PE) e TexHOMOTHSA, KOSITO IPUBIHYA BHUIMAHUETO HA YUEHUTE Tpe3 mocieaante 30 roquHu
MOPaJX JIECHOTO U OBP30 MOTydaBaHE HA ONTHYHH BBIHOBOJM ChC CHJIICH BBJIHOBOJICH €(DEKT B EJICKTPOONTHIHHUTE
kpuctamu LiNbO, (LN) u LiTaO, (LT). Cnosr Li, H NbO,/Li, H TaO,, nomyuen upe3 Li—H #onen obmen, nma
ciokeH (ha30B ChCTaB, 3aBUCEI] OT KOHIIGHTPAIUATA Ha Bojopoa (cToiHoCcTTa Ha X). [lo cenem dpasm morat na chb-
mectByBat B PE-LN u 1o et — B PE-LT. Besika ¢a3a o6pasyBa cBoif COOCTBEH IOJICIION B IPOTOHUpaHATa 00JIAaCT,
KaTO TO3M C Hali-BUCOKA CTOMHOCT Ha X C€ HAaMMpa Ha MOBbpXHOCTTA. [10 Te3n npuyunHu OT onpeessiHeTo Ha (asaTta
Ha NOBBPXUHHUS CIIOM B MHOTO CIIydaW MOXKE Jla C€ HaNpaBsAT W3BOIM U 3a (pasuTe, M3TrpaKJally IEIHs CIO0H Win
32 ONTHYHUTE U €IEKTPOONTHYHHUTE KAYECTBA HA BBIIHOBOJHMS CION. Y cTaHOBEHO €, ue Y oTpakaTeslHu CEKTpU
Ha IPOTOHHO-OOMEHEHHTE CIIOeBE ChAbpKAT HOBU MBHUIHU B oOmactta 8501050 cm™ u Besika paza uma cBoit crie-
muduaeH orpaxkareneH cnekTsp. [1o To3n HaunH o MY orpakaresHM CHEKTPH B HUCKOYECTOTHATA 00JIACT MOXKE
Jla ce omnpees MOoBbpXHUHHATA (aza. Thil KaTo n3cieaBaHUTE MPOOH ca MOIYUSHHU IIPU Pa3INIHU TEXHOJIOTWYHU
YCIIOBHS, IPOBEACHUST aHAIN3 AOTIPUHACS 32 HATPYNBAaHE Ha 3HAHMS 110 TEXHOJIOTUYEH KOHTPOJI Ha (ha30BUs ChCTaB
Ha TPOTOHHO-0OMeHeHu cioeBe B LN u LT.
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We are presenting a simple and inexpensive, in-home made high-temperature (HT) device, suitable for high-tem-
perature in situ investigations of phase transitions, crystallite growth and other thermal features of solid-state materials
by X-ray diffraction (XRD). The attachment can be easily mounted on conventional laboratory X-ray diffractometer.
The HT-device consists of sample holder and heating element combined together. The unit is made from fused quartz,
which temperature resistance is above 1000 °C. The sample holder (the front part of the body) can be shaped to match
the conventional front packing powder holder for the equipment that is used. The heating element consists of a khantal
tape that is mounted on the backside of the body. Different ways of mounting the heating tape can be used to optimize
the desired uniform heat distribution within the volume of the packed powder. The length of the heating tape can be
adjusted, for tuning its total resistance and accordingly — its heating power. Both the sample holder and the heating
element are made “small” to ensure a good thermal exchange and to save energy required for heating. Due to its small
size, limited contact with the diffractometer and the good thermal stability of quartz in air, the HT-device does not
require water-cooling and can be used for multiple routine in situ measurements up to 950 °C. Its functionality was
studied on standard reference material (KNO,) and on natural minerals: a mixture of clinoptilolite/opal-cristobalite

and Zn-exchanged clinoptilolite. The advantages and limitations of the proposed design are discussed.

Key words: high-temperature XRD holder, XRD, in situ heating.

INTRODUCTION

X-ray powder diffraction (XRPD) is one of the
most recognized analytical tools for compositional
and structural analysis of solid-state materials in-
cluding various natural and synthetic technological
products. The ongoing investigations on many of
these materials required more complex and detailed
information for their features, including thermal
behavior. The HT-X-ray diffraction analysis, espe-
cially when carried out in situ, is capable to display
instantly physical, chemical and structural changes
that occur at certain temperature, but remain “hid-
den” at ambient conditions [1]. A variety of attach-
ments (chambers, furnaces, cameras etc.) are com-
mercially available for conducting such in sifu ex-
periments [2, 3].

* To whom all correspondence should be sent:
E-mail: louiza.dimova@gmail.com

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

DESIGN AND DISCUSSION

The holder is made of fused quartz as a replica
of the original plastic/metallic sample holders used
for our conventional Bragg-Brentano diffractom-
eter, Dron 3.0 M (Fig. 1). The heating element is
mounted on the opposite side of the sample holder.
Some advantages of fused quartz include:

* Its thermal expansion is negligible (coefficient

of 5.5x107/°C (20-320 °C),

* It is stable up to ~1100 °C (softening point is
1600 °C, annealing point is 1120 °C and strain
point is 1025 °C),

» Multiple heating-cooling cycles can be carried
out with temperature range up to 950 °C,

It is inert (non-reactive) against very broad
range of materials,

* When irradiated by X-rays fused quartz does
not provide scattering or diffraction,

* Fused quartz is an insulator and cannot dam-
age goniometer’s base during the heating.
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Sample compartment
(holder)

Thermocouple 1
Heating element
Kanthal or other)
Thermocouple 2 ’ .
Insulating protective
surroundin
Heat sink
Thermocouple 3 exchanger (optional)

High temperature
controller (1)

Safety temperature
controller (2)

Fig. 1. Schematics of the high temperature holder

The body of the holder is made of cylindrical
shaped piece of fused quartz with g 25 mm, length
10 mm and consists of two parts:

1. Sample compartment (1 mm deep circle cav-
ity with polished flat edges for precise alignment);

2. Heating element: in our case a kanthal tape,
1.5 mm width, 0.12 mm thickness;

The kanthal heating tape was inserted in thin-
drilled channels on the backside of the sample com-
partment. Two modes of mounting the heating tape
are possible: (1) — wire coiling and (2) — spiral coil-
ing (Fig. 2). Wire coiling mounting of the heating
tape has the advantage of allowing adjustments of
its loops and distance between loops, which changes
the total resistance of the tape and thus, its heating
power. For fixed resistance parameters of the heat-
ing element, spiral coiling is the preferable option.

Two thin and flexible thermocouples (K-type)
(~0.2 mm) are placed in different positions: (i) — in-
side the sample and near the diffracting surface and
(i1) — closer to the heating element. Both of them are
located on the border of the holder. They are used for
control and adjustment of the temperature on the dif-

a) e

Fig. 2. Heating element placement: a) wire-coiling and
b) spiral-coiling. The distance d between the channels
could be adjusted by adding or subtracting turns, in order
to obtain optimal total resistance and heating power
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fraction surface of the sample. The use of two thermal
elements helps for monitoring the thermal gradient and
heat distribution in the volume of the sample holder.

The temperature is controlled by adjusting the
current/voltage provided to the heating element as
a function of the output of the two thermocouples.
Optionally, a third thermocouple may be placed in-
side the capping of the heating element.

The holder is mounted directly on the diffrac-
tometer. A self-adjustment (“in plane”) of the dif-
fracting surface is ensured by three contact points
(stoppers) mounted on the goniometer. As it was
stated above, due to insignificant thermal transfer
of fused quartz, the heat exchange with the contact
stoppers and other goniometer’s parts is limited.

SIMULATION OF THE XRD HOLDER

In order to understand the heat transfer in the en-
tire holder, it was modeled and numerically simu-
lated by finite element method (FEM) analysis us-
ing RadTherm 8. For the solid phases (fused quartz)
heat conduction, surface-to-surface (in the sample
holder) and surface to ambient radiation (outside)
was applied. For the gas phase, the heat transmis-
sion and free convection were taken into considera-
tion. Due to the presence of a heating element with-
out clear symmetry, the holder was simulated in a
three dimensional model (x-, y- and z-axes). For
simplicity, a constant value for the heat conductiv-
ity of 3.8 W m™ K™! was assumed for the sample in
all simulations. The simulation of the temperature
distribution in the cell in ambient atmosphere and a
heating power of P =85 W is shown in Fig. 3. The
temperature of the cooling air has been set to 20 °C.
Ideally, the sample temperature should be homoge-
neous over the entire sample volume. As the sample
is heated from the inside and cooled from the surface,
we expect a temperature gradient within the sample,
especially for samples with very low heat conductiv-
ity. The highest temperature gradient is in the middle
of the sample along the z-direction (Fig. 3). Due to
the axial symmetry (along z) the contribution to the
total sample volume is higher at the border than in
the middle. Thus, the diffraction contribution from
the sample volume near the “border” is going to be
higher than that one from the center. This justifies the
location of the thermocouples near the border.

THERMAL BEHAVIOR AND CALIBRATION
OF THE HOLDER

Experimentally the overall cooling effect of the
air was determined by measuring the heating power,
necessary to reach a certain temperature of the sam-
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Quartz holder

Element |430 Part Type: Calculated, 2 Sided

Temperature ('C)

356.204
356.462

356.2C
3520 3549 3578 360.6 363.5 366.4 3693 3721 375.0

in Temperature [°C) Display Scale

Heating element temperature variance

Sample holder top surface
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Min Temperature (°C)
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Display Scale | Max Temperature (‘C)

Fig. 3. Results from “finite element method” (FEM) simulation of the heat distribution in the sample holder in ambient
atmosphere, heating power P = 85 W and temperature of the cooling air set at 20 °C

ple holder. Figure 4 shows the applied “input power”
as a function of the temperatures, measured by the
two thermocouples: T1 and T2. The measurements

—a— experimental Power
—e— claculated power

300

250

200 4

150

100

experimental Power (W)
T1 -T2 (experimental) ("C)

46
—A—T1 -T2 (experimental)

50+
A A

T v T v T v T T T T v T T 4
0 100 200 300 400 500 600 700 800

Temperature (°C)

Fig. 4. Input power as a function of measured tempera-
tures in the sample holder from the two thermocouples:
T1 and T2

were carried out after reaching and maintaining for
10 min the temperatures 50—100, 200, 300, 400,
500, 600 and 700 °C. The heating power as a func-
tion of sample holder temperature was found almost
linear. The experimental temperature variation, T1
vs. T2, that corresponds to the thermal gradient
within the volume of the sample was found smallest
in the range of 250400 °C and more pronounced at
lower and higher temperatures. The simulated heat-
ing power values required for the holder to reach
the requested temperature and the experimentally
measured ones correlate well up to ~300 °C; be-
yond that temperature the real power input becomes
significantly higher than the calculated one. This is
probably due to the different heat capacity of the
sample and the thermocouple as already observed
by Kerestedjian & Sergeeva [4].

EXAMPLES OF APPLICATIONS
OF HT-SAMPLE HOLDER

The holder was designed and mounted on
a DRON 3M diffractometer (CoKa, 1.789 A)
equipped with position scintillation detector. The
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system was interfaced with a personal computer.
Data collection was carried out using a routine step
scan mode with 0.02 or 0.04°.s”!. Figure 5 shows
the HT-sample holder as mounted on the goniom-
eter and heated at 800 °C.

The holder has been tested against standard ref-
erence materials and used in our Lab for routine
measurements on different materials [5, 6].

Here we are presenting the results from three HT
in situ experiments carried out on different materi-
als and at different temperature ranges.

Fig. 5. View of: a) the heating element and its cover;
b) the o-ring shaped sample compartment and c) the
HT-holder mounted on a DRON 3M diffractometer and
heated at 800 °C.

HT in situ experiment on reference
material KNO,

KNO, is known for having various polymor-
phous under certain thermodynamic conditions.
Three of the polymorphs are stable at ambient pres-
sure (7-10). At room temperature (RT) KNO, is or-
thorhombic, Pnma, with aragonite-type of structure
(11). At temperatures above 129 °C it converts to
calcite-type of structure R3m, (8).

We used this material as a reference for test-
ing the accuracy of our HT-sample holder. The
observed structural transition of KNO, occurred at
the same temperature as pointed out in the litera-
ture. This is illustrated on Figure 6, which displays
the results from our in situ experiment carried out
in routine step scan mode and elevating the tem-
perature according to thermo couples showings
with power control.
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2000 -
—=—KNO, RT (Pnma)
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Fig. 6. In situ X-ray diffraction of reference material KNO;:
It shows a phase transition from orthorhombic (at room tem-
perature) to rhomboherdal structure at 135 (£1) °C.

HT in situ experiment on natural mixture
of clinoptilolite and opal-cristobalite

The natural zeolite mineral clinoptilolite from
Beli Plast deposit, Bulgaria is commonly mixed
with fine inter-grown sub-crystals of opal-cristo-
balite, having a visible peak on the diffraction
pattern (d = 4.04 A). It is well known that clinop-
tilolite undergoes lattice changes during heating,
while opal-cristobalite has a stable structure that
doesn’t show lattice changes up to 1000 °C. A HT
in situ experiment was done on this mixture in
order to test and verify the overall alignment and
possible positional displacements of the sample
holder when heated. The heating was carried out
up to 350 °C and the results are shown on Figure
7 — left plot. The position of the opal-cristobalite
peak at 260 = 25° is marked with black arrow. It
does not move during the heating. In contrast, the
strongest peak of clinoptilolite next to it (marked
with red arrow) moves due to its well established
lattice changes when heated.

HT in situ experiment Zn-exchanged
clinoptilolite

Our previous investigation on the thermal sta-
bility of natural clinoptilolite with various cations
incorporated in its framework shows their differ-
ent thermal stability. Here we demonstrate the col-
lapse of the structure at temperature above 700 °C
(Figure 7 — right plot). The experiment was carried
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Fig. 7. Monitoring of CPT/Opal unit cells changes on heating (left plot) and thermal stability of Zn-exchanged natural
clinoptilolite in the temperature range from RT to 700 °C (right plot)

out with our HT-sample holder and illustrates well
its capabilities to be used for high-temperatures (up
to 900-950 °C).

CONCLUSIONS

The design and construction of our “in home”
HT-device, including sample holder and heating el-
ement are presented and explained in details. The
design and setup were simulated and optimized by
FEM analysis. The temperature can be properly
controlled by two separate thermocouples and ad-
justed by power supply on the heating element. Due
to the good thermal stability and negligible thermal
expansion coefficient of fused quartz, the device can
be used for multiple cycles of in situ heating/cool-
ing in the temperature range from RT up to 900 °C.
The accuracy of the alignment and its reliability has
been tested and demonstrated here on three exam-
ples of HT in situ measurements on: reference ma-
terial (KNO,), natural mixture of clinoptilolite and
opal-cristobalite and Zn-exchanged clinoptilolite.

The device is non-expensive, easy to be made
and can be adapted and used on most of the conven-
tional Bragg-Brenatano diffractometers.

Acknowledgments: The authors thank the financial
support of the Bulgarian National Science Fund
through grant DRNF 02/1.

REFERENCES

1. D. D. L. Chung, P. W. De Haven, H. Arnold, D.

Ghosh, X-Ray Diffraction at Elevated Temperatures,

A Method for in situ Process Analysis, VCH Pub-

lishers, 1993.

M. Dapiaggi, G. Artioli, L. Petras, The Rigaku Jour-

nal, 19, 1 (2002).

http://www. anton-paar.com

T. Kerestedjian, I Sergeeva, Bulgarian Chemical Com-

munications, 44, 77 (2012).

A. R. Drews, Advances in X-ray Analysis, 44, 44 (2001).

L.T.Dimowa,S. L. Petrov, B. L. Shivachev, Bulgarian

Chemical Communications, 44, 55 (2012).

7. P. E. Tomaszewski, Structural Phase Transitions in
Crystals, I. Database, in: Phase Transitions 38(3), 127
(1992).

8. J. K. Nimmo, B. W. Lucas, Acta Cryst. B, 32, 1968
(1976).

9. E. Rapoport, G. C. Kennedy, J. Phys. Chem. Solids,
26, 1995 (1965).

10.J. F. Scott, M. S. Zhang, R. B. Godfrey, C. Araujo, L.
Mcmillan, Phys. Rev. B, 35,4044 (1987).

11.S. Sawada, S. Nomura, S. Fujii, J. Phys. Soc. Jpn, 13,
1549 (1958).

R

AN

483



L. Dimowa et al.: Design and application of a cost effective high temperature holder for in-situ powder X-ray diffraction...

JIN3AMH U TTIPUJIOXEHME HA JIECHA 3A HATIPABA
BUCOKOTEMIIEPATYPHA ITPUCTABKA ITIOAXOJALIA 3A IN-SITU
I[TPAXOBU PEHTTEHO JUPPAKIIMOHN N3CJIEIBAHMA

JI. T. Immoma'*, C. JI. ITlerpos?, b. JI. lllnBaueB'
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Toctpnmna pespyapu, 2013 r.; mpueta maii, 2013 1.
(Pesrome)

IIpencraBeHa e cxema Ha BUCOKO TemnepaTypHa nmpucraBka (BTII) moaxopsima 3a MOHTHpaHE Ha IPAaXOB pEHTTE-
HOB JTM(PAKTOMETHP U NPOBEXKAHE HA in Sifu W3CIEBAHUS Ha CBBP3aHU C (ha30BU MIPEXO/HN, KPUCTAIEH PACTEXK U
JpYTH TEMIIEPAaTYypPHO 3aBHCUMH XapaKTEPUCTHKH HA TBBPAOTEIHHN MaTepuain. [IpucraBkaTa € cpaBHUTEIHO JIECHA
3a HampaBa M MOXKe Jja Ob/Ie MOHTHpaHa Ha CTaHJapTeH JabopaTopeH peHTreHoB audpakromersp. BTII ce cheron
OT /JIBa OCHOBHH €JIEMEHTA: II0CTaBKa 3a oOpasela 1 HarpsBai exeMeHT. [loctaBkara e n3paboTeHa OT KBapIl ¢ TeM-
nepatypa Ha tonieHe Han 1000 °C. IIpennara (ppoHTanmHATa YacT) Ha MOCTaBKaTa TPAOBa a € OpOpPMEHA Taka 4e
Jla ChOTBETCTBA HA CTAHJAPTHUS OTPAXKATEJICH MOJIEN HA ChOTBETHHS TudpakromMeTsp. HarpsiBammure enemMeHTH ca
ot Kanran (71eHTH) KOMTO ca MPUKPENEHN KbM 3a/lHaTa 4acT Ha II0CTaBKaTa. 3a ONTHMU3UpPAHE HA PABHOMEPHOTO
pasnpenensiHe Ha TeMIiepaTypaTa B 00eMa Ha MOCTaBEHHs IPAaxOB MaTepHall MOTAT Ja c€ M3IOJI3BAT pa3lIMuHK Ha-
YMHYU 32 MOHTHPAHE Ha HAarpsiBallUTe eJIeMEeHTH. IbIDKMHATa Ha HArpsiBAIysl €JIeMEHT (ChOTBETHO HETOBOTO CBHIIPO-
THBJICHHE) MOJKE CBILO J]a BAPUPA, KOETO MO3BOJISIBA ITO-TOYHO HArJIacsHEe HAa MOIIHOCTTA Ha HarpsBaHe. Pazmepure
Ha MPHUCTAaBKATa ca MUHUMM3HUPAHH C OTJIE OCUTYpsIBAaHE HA MUHMMAJICH TEMIIEPaTypeH OOMEH ¢ OKOJIHATa Cpefa 1
KOHCEpBUpaHE Ha eHeprusaTa. [lopaan Mankus pasmep, OrpaHHYeHUS KOHTAKT ¢ JudpakToMeTspa, 1o0parta TepMUIHA
cTaOMITHOCT Ha KBapIia Ha BB3AYX (10 950 °C mpu atmocdepru ycnosus) BTII He n3nckBa BOTHO OXJTaKIaHE H MOXKE
Jla ce M3I0J13Ba MHOTOKPATHO TIPH PYTHHHH in situ n3MepBaHusi. OyHKIMOHATHOCTTA Ha IPUCTAaBKaTa € U3NpoOBaHa
BBPXY cTaHaapreH etanoned marepuan (KNO,) KakTo 1 1pH in situ HarpsBaHe Ha IPUPOAEH KIMHOITHIIONNT IpUMe-
CEH C ONaJI-KPUCTOOAINT 1 KIMHONTHIIONUT OOMEHEH ¢ IUHK. [IpesicTaBeHo e KpaTKo pasriexk/iaHe Ha MPpeauMCcTBaTa
Y OrpaHUYEHUSATA HA IPEJIOKEHUS 1u3aiid u monen Ha BTIL.
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The present study is focused on the possibility for obtaining TeO, containing powders in the TeO,-TiO, system
applying a low temperature wet chemistry method. Telluric (VI) acid (H,TeO;) and titanium butoxide were used as
a new combination of precursors. Two compositions with high TeO, content (80, 90 mol%) were selected. Yellow
coloured powders were obtained and they were characterized by XRD, IR and UV-Vis analysis. The crystallization
tendency of the powders in the temperature range 300600 °C was studied as well. The crystallization process started
at heat treatment above 300 °C. Composite powders containing a-TeO, (paratellurite) and TiTe,O, were obtained as

final products.

Key words: telluric (VI) acid, TeO,, TiTe,O,.

INTRODUCTION

Tellurium oxide — based materials have attracted
considerable research interest in recent years due to
their high refractive index, good non-linear optical
properties and electrical semiconductivity appeal-
ing for various applications [1-4]. Up to now dif-
ferent methods for synthesis of Te-based materials
were applied such as: melt quenching technique,
chemical or physical vapour deposition, pulveriza-
tion, molecular beam epitaxy or laser ablation [5].
It is known that most tellurium-based oxide materi-
als can be synthesized at temperatures below 900
°C. Recently, much attention has been paid on ap-
plying the low temperature sol-gel method, which
is an attractive alternative to the high temperature
melt quenching route. The main disadvantage of
this method is using of tellurium alkoxides, which
possess high sensitivity to the moisture in air. Up
to now, there are a few papers, which reported on
sol-gel processing of TeO, powders and films using
H,TeO, as a precursor for obtaining Te (VI) alkox-
ide [4, 6]. Beaudry et al. [7] reported on synthesis of
high purity TeO, powders applying a wet chemistry

* To whom all correspondence should be sent:
E-mail: albenadb@svr.igic.bas.bg

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

method, starting from elementary Te and HNO, as
precursors. Several authors successfully prepared
tellurium dioxide nanoparticles using different
methods [8, 9].

On the other hand the binary TeO,-TiO, system
is very interesting one due to the existence of ther-
modynamically stable compound TiTe,O,, which
possesses microwave-dielectric properties [10—12].
Up to now it has been synthesized mainly via sol-
id-state reaction method in the temperature range
650-700 °C [12, 13]. However, it is difficult to ob-
tain pure TiTe,O, by solid state reaction of TiO, and
TeO, because the volatilization of TeO, occurs rap-
idly at high temperatures [11].

The aim of this study was to verify the possibil-
ity for obtaining TeO, — based powders and TiTe,O,
compound in the TeO,-TiO, system using telluric
(VI) acid (H,TeOy) and titanium butoxide as a new
combination of precursors. This investigation is an
attempt to prepare such powders more readily and
less expensively aiming to overcome the problems
when using of tellurium alkoxides.

EXPERIMENTAL
Samples preparation

Two samples with high TeO, content and nomi-
nal compositions 90TeO,.10TiO, (sample 1, mol%)
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and 80Te0,.20TiO, (sample 2, mol%) were select-
ed. It is well known that there are problems concern-
ing the high hydrolysis rate of the tellurium alkox-
ides [4, 14]. In order to overcome this problem we
used Te(VI) acid (Aldrich) in combination with Ti
butoxide (Fluka AG) and ethylene glycol (C,H,O,)
(99% Aldrich). The scheme for synthesis is present-
ed in Figure 1. Solutions (A and B) were prepared
via dissolving of the precursors in ethylene glycol by
means of vigorous magnetic stirring. Thus, white pre-
cipitates were obtained and subsequently they were
subjected to evaporation at ~60 °C and heating on a
hot plate at ~100—150 °C. A stepwise heating of the
samples from 400 to 600 °C for 2 hours exposure
time in air was performed, until obtaining powders
(samples 1 and 2). The calcination temperature was
selected on the basis of our previous investigations
[15]. As we found earlier, there is no presence of
organic constituents above 400 °C. The pH during
the experiments was measured to be about 7.

Samples characterization

Powder X-ray diffraction (XRD) patterns of the
samples were registered at room temperature with
a Bruker D8 Advance diffractometer using Cu-Ka
radiation. The main short range orders of the pow-
ders were determined by IR spectroscopy (Nicolet
320 FTIR spectrometer). The infrared spectra were

solution A

homogenization and
stirring (30 — 40 min)

registered in the range 1600400 cm! using the
KBr pellet technique on a Nicolet-320 FTIR spec-
trometer with 64 scans and a resolution of +1 cm™'.
The optical absorption of the obtained powders was
measured by UV-Vis analysis (Spectrophotometer
Evolution 300).

RESULTS AND DISCUSSION

The XRD patterns of the yellow coloured TeO,/
TiO, powders (samples 1 and 2) are shown in Figure
2. As is seen, the metallic tellurium (ICDD, PDF 78-
2312) is found predominantly in the samples up to
400 °C. It is possible this phase to be completely re-
moved by oxidation at temperatures above 450 °C
[16]. At this temperature separation of paratellurite
(0-TeO,, ICDD, PDF 42-1365) is also registered.
With increasing the temperature (up to 500 °C) the
paratellurite became a dominant phase and forma-
tion of the crystalline TiTe,O4 (ICDD, PDF 50-0250)
phase occurred. With further increasing of the heat-
ing temperature (600 °C), all above pointed out
crystalline phases were found to be present. In the
XRD pattern of sample 1 (90 mol% TeO,), a-TeO, re-
mains as a main phase, while in the other sample 2
(80 mol% TeO,), TiTe,O4is the predominant one
(Fig. 2). Probably, this phase (TiTe,O,) has wide
primary crystallization field. Thus, our XRD data

solution B

homogenization and
stirring (10 min)

A 4

mixing (magnetic stirrer 10h — 60°C) |«

|

| evaporation |

| heating on hot plate (150 — 200°C) |

| calcination (400 - 600°C) |

|

yellow powders

Fig. 1. Scheme for the low temperature synthesis of TeO,/Ti0O, powders
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Fig. 2. XRD patterns of samples: a) 90TeO,.10TiO, (sample 1) and b) 80TeO,.20TiO, (sample 2)

are in good accordance with those obtained by other
authors [2, 3, 17], who established formation of these
phases using other precursors but at similar heat-
ing temperatures. By the way, for comparison XRD
patterns of elementary tellurium, TeO, and H,TeO,
(JCPDS 70-1524) are shown as well (Fig. 3).

The phase transformations during the heat treat-
ment were monitored also by IR spectroscopy. All
IR spectra of the calcinated at different temperatures
samples 1 and 2 are shown in Fig. 4a, b. At low tem-
peratures (200 °C) characteristic bands in the range
1500-800 cm™ were observed. Generally, they may

be attributed to the C-OH stretching vibrations of
C,H,O, and Ti butoxide [18]. The residual organic
groups disappeared above 200 °C. At 400 °C the IR
spectra of both samples are characterized by wide
absorption bands in the range 770-460 cm™', which
could be assigned to the vibrations of Me-O (Me =
Ti, Te) complexes [19-21]. The IR spectra at 500 °C
of both samples are very similar and vibrations at
770, 670-650, 630, 480-460 cm™ were observed.
The increase in the temperature (up to 600 °C) led
to some changes in the IR spectra. The IR spectrum
of sample 1 is typical for the crystalline TeO, [19].
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Intensive bands at 770 cm™ (v*) and 670 cm™ (v*)  line TiTe,O, phase (Fig. 4b) [19]. The data obtained
with a shoulder at 630 cm™! (v*) were registered, by IR spectroscopy are in good accordance with the
which may be related to the stretching vibrations XRD data.

of TeO, groups (Fig. 4a). The IR spectrum of the The optical absorption spectra of the investigated
other sample 2 is more close to that of the crystal- samples are presented in Figure 5. As is seen from

90Te0,.10TiO,

80Te0,.20TiO,
600°C
=. -
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Fig. 4. IR spectra of samples 1 (a) and 2 (b)
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Fig. 6. UV-Vis absorption spectra of the investigated powder samples heated at 600 °C

the figure the sample containing lower TeO, content
(80 mol%) exhibited more intensive absorbance in the
UV spectra than those containing 90 mol% TeO,. The
absorption spectra were used to determine the opti-
cal band gap (E,,) of both samples. For sample 1
E,, is 3.45 eV, while for sample 2 it is 3.43 eV.

According to Weng and Hodgson [3] similar pow-
der compositions (containing 80, 90 mol% TeO,)
exhibited optical band gap value about 3.3 eV. Our
values are higher than these obtained for the TeO,/
TiO, thin films (~3.29 eV) [14] but lower than the
value of melted bulk tellurite glass (~3.79 eV).
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CONCLUSIONS

Yellow coloured powders were obtained us-
ing a low temperature wet chemistry method. The
crystallization tendency of the powders in the range
300-600 °C was studied. The crystallization proc-
ess started at heat treatment above 300 °C and
mixtures containing a-TeO, and TiTe,O, were ob-
tained depending on composition and heating tem-
perature. The observed crystalline phases are in dif-
ferent quantity depending on the TeO,/TiO, ratio.
According to the IR results, the organic constituents
existed below 400 °C and characteristic bands for
a-TeO, and TiTe,O, were observed at 600 °C. The
obtained powders would be promising candidates
for optical applications.
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CHUHTE3 1 XAPAKTEPU3UPAHE HA TeO,/TiO, ITPAXOBE, IIOJIYUEHU
OT Te (VI) KUCEJIMHA

P. C. Mopnanosa', A. JI. bruBaposa-Henemuesa'*, P. JI. T'erosa’, 5I. b. lumutpres?

! Huemumym no Obwa u Heopeanuuna Xumusi, BAH, yn. ,, Axao. I'. Bonueg*, on. 11, Coghus, 1113, Bvacapusi
? Xumurxomexnonozcuuen u Memanypeuuen Ynusepcumem, 6yn. “Kn. Oxpuocku”, 1756 Coghus, Bvieapus

Iloctprmna pespyapu, 2013 r.; mpueta maif, 2013 1.

(Pesrome)

HacrosmoTo u3cnenBane € GpOKyCHpaHO BBPXY BB3MOXKHOCTTA 3a mosyyaBane Ha TeO, nmpaxoBe B cucTeMara
Ti0,~TeO, npunaraiiku eanH HACKO TemrepaTypeH Mmetoa. Temyposa (VI) kucennHa m THTaHOB OYTOKCH] ca H3-
MIOJI3BaHM KaTo eHA HOBAa KOMOWHAIMA OT mpekypcopu. KaTo o0exT Ha n3cienBane 0sxa moIOpaHu 1Ba ChCTaBa C
BUCOKO chabprkanue Ha TeO, (80, 90 mol%). [Tomyuenn ca xKbJITH MpaxoBe, KOUTO ca XxapakTepusupanu ¢ POA, U
n YB-Buc ciekrpockonms. M3cnenana e KpucTaau3aloHHATa TEHACHITNS Ha ipaxoBeTe B uHTepBana 300-600 °C.
VYcranoBeHo Oe, Ue KpHCTAIN3aIMOHHIS Tpoliec 3armouBa npu Harpseane Hax 300 °C. KoMmo3uTHH paxoBe ChIbp-
xanm a-TeO, (maparerypur) u TiTe,O, ca nomyueHn KaTo KpaHu MPOTYKTH.
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Synthesis and optical properties of novel TeO,-GeO,-Nd,O, glasses suitable for multiband calibration or mul-
ticolor filters in the 350-1000 nm wavelength region are reported. Differential thermal analysis (DTA), X-ray
diffraction (XRD), Infrared FT-IR, UV/VIS spectroscopy, scanning and transmission electron microscopy (SEM,
TEM) were complementarily applied to study the structural, thermal and optical properties of this ternary system.
The UV-VIS spectrum shows outstanding absorption at specific wavelength suggesting that the glasses can be em-

ployed as multi-color-type filter.

Key words: tellurite glasses, multiband filter, XRD, FTIR.

INTRODUCTION

Tellurium oxide (TeO,)-based glasses are of
scientific and technical interest due to their optical
properties: excellent transmission in the visible and
near IR (up to 4.5 pm), low phonon energy, large
third-order nonlinear susceptibility [1, 2]. In addi-
tion to their suitable optical properties tellurite glass-
es show other favorable properties, such as good
mechanical strength and chemical durability, low
processing temperature and large rare-earth solubil-
ity [3]. The combination of these properties makes
tellurite glasses good candidates for the develop-
ment of optical, nonlinear optical devices (e.g. opti-
cal amplifiers) [4]. Multi-band filters are relatively
new to the commercial market and are significantly
more expensive than traditional colored, dichroic,
sequential or polarized filter/glasses [5]. Traditional
optics for multiband applications covering regions
ofthe SWIR, MWIR and LWIR include Zinc Sulfide
(ZnS), Zinc Selenide (ZnSe) and Germanium (Ge)
[6]. These materials have low strength, exhibit very
low resistance to water, rain and dust erosion and

* To whom all correspondence should be sent:
E-mail: louiza.dimova@gmail.com

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

ZnS and ZnSe are very soft and easily scratched or
damaged. Ge, on the other hand, does not transmit
in SWIR and becomes opaque in MWIR and LWIR
at temperatures above 100 °C. Current multiband
imaging systems with wide field of view use sepa-
rate cameras and optics for each band region [6].
Achromats can be designed using materials having
different dispersion profiles to minimize the focal
shift between light from different wavebands when
imaged through the lens system [7]. These achro-
mats are currently available only in a narrow wave-
length range due to the limited availability of suit-
able commercial materials.

The aim of this study was to obtain new tellurite
glasses possessing suitable mechanical and optical
properties for optical application [8]. As a result we
report the synthesis, structural and optical proper-
ties of TeO,~GeO,-Nd,0, glasses that exhibit suit-
able properties for multiband filter application.

MATERIALS AND METHODS

Synthesis

The tellurite glasses presented in our work were
prepared by the melt-quenching technique in plati-
num crucible in an electrically-heated furnace under
ambient atmosphere. High purity chemicals TeO,
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(99%), GeO, (99%), Nd,0, (99%) were used for the
batch melting. The raw material batches with com-
position (1-x)TeO,—xGeO,—xNd, O, mol% (x=5, 10
and 20) were carefully mixed (grounded) and then
the batches were melted at 955 °C for 1 h. The glass
melts were cast onto a preheated stainless steel mold
at 120 °C and annealed at 150 °C (below the glass
transition temperature) for 12 h in a separate electric
oven to remove thermal strains. Then cooling down
to room temperature was performed by switching
off the oven. After the annealing the samples were
sliced and polished into sizes of 3x3x1 mm?® for the
spectroscopic (UV-Vis) measurements.

Differential thermal analysis (DTA)

The DTA curves in the 20-750 °C temperature
range were obtained from grounded samples (sam-
ple weight 14 + 0.2 mg) of the as-quenched pieces
under a constant heating rate of 10 °C/min in an air
flow of 40 ml/min on a Stanton Redcroft thermo-
analyzer. The glass transition (7g) and crystalliza-
tion (7c) temperatures derived from these studies
were employed in fixing the annealing-treatment
temperatures for the various glass compositions.

X-ray diffraction (XRD)

X-ray powder diffraction analyses (Bruker,
D2 Phaser diffractometer, Cu Ka, 0.02°.s7") were
performed on the crushed powders of the annealed
and heat-treated samples to verify the amorphous
state of the sample and obtain information for the
crystalline phases.

Infrared FT-IR

Infrared transmission properties of samples (KBr
pellets) were measured with a Bruker Tensor 37
Fourier transform infrared (FTIR) spectrometer at a
resolution of 4 cm™! and accumulating 64 scans.

UV/VIS spectroscopy

The absorption spectra were measured on a
Cary100, Varian spectrophotometer over the spec-
tral range of 190-900 nm.

Scanning and transmission electron
microscopy (SEM, TEM)

SEM analyses were performed on a JSM 6390
electron microscope (Japan) in conjunction with en-
ergy dispersive X-ray spectroscopy (EDS, Oxford
INCA Energy 350) equipped with ultrahigh reso-
lution scanning system (ASID-3D) in regimes of
secondary electron image (SEI) and back scattered
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electrons (BEC) image. Before attempting SEM
characterization, the sample must be clean and com-
pletely dry. Surface oils or dirt must be removed
with solvents such as methanol or acetone. The
sample is mounted on a double coated conductive
carbon tape that holds the sample firmly to the stage
surface and can be used as a ground strap from the
sample surface to sample holder. The samples were
Carbon coated (time of coating ~20 sec). Carbon at
that thickness will have little or no effect on elemen-
tal analysis. The accelerating voltage was 20 kV,
[ ~65 mA. The pressure was of the order of 10 Pa.

TEM work was performed on a JEOL JEM 100B
(100 kV). The accelerating voltage was 100 kV
and the pressure was of the order of 10°¢ Pa. The
preparation of TEM specimens involves mechanical
grinding, then dispersion in ethanol and finally de-
positing a drop of the dispersion on a Cu grid. The
grid is dried on a filter paper and is ready for TEM
observation.

RESULTS AND DISCUSSION

The XRD patterns of the annealed glasses sam-
ples corresponding to the TGN compositions x = 5,
10, and 20 mol% are shown on Fig. 1. The XRD
patterns show the amorphous nature of the sam-
ples, with some broadening around 26 = 28° are
observed. In order to check for the presence/appear-
ance of metastable phases TEM investigations were
also performed to further complement XRD struc-
tural characterization. Low magnification TEM
images of show the general morphology while the

TGN-60/20/20

Wbt DR iy
E
=L TGN-80/10/10
.g Wﬁ%wwﬁwﬂﬁ’wj MMWMWMWWW“MWWMw&wwmm
IS
TGN-90/05/05
T T T T T T T 1
20 40 60 80

26° CuKa

Fig. 1. XRD patterns of TGN-5, TGN-10 and TGN-20
samples after 12 h annealing at 150 °C
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Fig. 2. Selected TEM images and SAED pattern demonstrating the amorphous nature of the samples; a) TGN-5,
b) TGN-10 and c) TGN-20

SAED micro diffraction (Fig. 2) shows that samples
are amorphous and are not subject to crystallization
resulting from the interaction (heating) with the
electron beam [9, 10]. The observed halo around the
bright spot in the center indicates that the electrons
are diffracted randomly by a material of amorphous
structure. Indeed DTA data (Fig. 3) shows a good
thermal stability of the glasses as the transition tem-
perature (7g) for all sample is around 320 °C and
the first crystallization occurs around 420 °C (for
TGN-5). The XRD patterns of the annealed TGN-5
at 300 and 610 °C (Fig. 4) confirm the suggested
good thermal stability of the glasses [11]. The an-
nealed at 300 °C (~12h) TGN-5 remains amorphous

TGN-60/20/20

TGN-80/10/10

DTA [um]
N

T T T T T T
200 400 600 800
Temperature [°C]

Fig. 3. Differential thermal analysis data of TGN-5, TGN-
10 and TGN-20 glass samples

while the result of the annealing at 610 °C is the
formation of the halite type (NaCl) cubic (SG 225)
Ndy ,5Te, 750, 75 crystal phase [12].

The compositions of the tellurite glasses and their
surface morphology were assessed by SEM/EDS.
As one can see the untreated surfaces of the samples
exhibit very few visible defects (Fig. 5) and thus are
very well suited for optical application (after cutting
and polishing). Their chemical compositions were
also close to the ones of the starting batches the ma-
jor difference being for Nd,O, in TGN-20.

The amorphous natures of the synthesized glass-
es can also be assessed from FTIR analysis [13]. The
peaks of the FTIR spectra are very few and large

* = |CDD: 04-007-8469

El
S,
2 TGN-90/05/05
C
o i annealed at:
£ .
J\ * 610°C
300°C
P
T T T T T T 1
20 40 60 80
26° Cu KoL

Fig. 4. XRD pattern of TGN-5 after annealing at 300 and
610 °C for 12 hours; JCPDS 04-007-8469 [12]
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Fig. 5. SEM images of (a) TGN-5, (b) TGN-10 and c) TGN-20 surfaces. The top row shows images obtained by sec-
ondary electron imaging (SEI) while the bottom row are by Backscattered Electron contrast (BEC) imaging

Table 1. Starting chemical composition for TGN —x (x = 5, 10 and 20) mol% samples and subsequent EDS data

for obtained samples TGN — x

Starting batch composition

EDS data for obtained samples

Resulting formula

(mol%) (mol%)

90/05/05 88.92/6.52/4.54 88.92 Te0,-6.52Ge0,—4.54Nd,0,
80/10/10 81.54/9.77/8.67 81.54 Te0,-9.77Ge0,-8.67 Nd,O,
60/20/20 63.51/19.61/16.88 63.51 TeO,-19.61Ge0,-16.88 Nd,O,

(broad) and thus they reveal only the presence of
short order of Te, Ge and Nd oxides (a broad band
around 670 cm! with a shoulder around 770 cm™!
Fig. 6a). This range is usually associated with
stretching vibrations of the Te—O bond: [TeO,] trig-
onal bipyramids and [TeO,] trigonal pyramids units
[14]. The performed deconvolution of these bands
yield the same results for sample TGN-5 and 10
(90/05/05 and 80/10/10): four peaks with very close
values for the peaks maxima. The deconvolution of
the FTIR broad band of TGN-20 sample produced
seven peaks. Four of those (2, 4, 5 and 6) having ap-
proximately the same maxima as the ones in TGN-5
and 10 samples (Fig. 6 b-d). The new peaks are not
very intensive and appear on both sides of the broad
band at 670-770 cm™: 471 cm™, 613 cm™! and at
900 cm™. In our case, the absorption band at ~769,
781, 720 cm™' correlates with [TeO,] and the one
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at ~658, 672, 655 cm™! with [TeO4] units [14, 15].
The band located around ~580 cm™' (584, 587 and
578) can be associated with Te-O-M (M = Nd or
Ge) while the band at 828, 845 and 829 cm™! in the
different composition may linked to M—O-M (M =
Nd or Ge). The increased amounts of and Nd,O, and
GeO, lead to additional separation of the M—O-M
linkages as Te—O—Ge ones are characterized by
the 471 cm™! band while the 613 cm™' and 900 cm™
ones can be attributed to Te-O—Nd and Nd-O-Nd.
Those additional bands are could be obtained only
in the deconvolution of the TGN-20 spectrum and
attempts to introduce them in TGN-5 and TGN-10
processing failed.

The UV-Vis absorbance spectra of the TGN-x
samples are shown on Fig. 7. The observed mini-
ma of the absorbance are located approximately at
885, 845, 780, 710 (700-725 range), 653 (667647
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Fig. 6. FTIR spectra of TeO,-GeO,—Nd,O, glass: a) Overview of the FTIR of the three TGN —x (x = 5, 10 and 20) sam-
ples and deconvolution of the band around 760 cm™ for each sample b) TGN — 5, ¢) TGN — 10 and d) TGN - 20

range), 547, 491 and 447 nm [16]. The maxima
of the absorption correspond to Nd*" transitions
from ground state of ‘I , to the excited state of

Absorption (a.u.)

—=— 90/5/5
—e— 80/10/10
—a— 60/20/20

T T T T T T T T T 1
400 500 600 700 800 900

Wavelength (nm)

T T T
200 300

Fig. 7. UV-Visible transmittance spectra of polished 1 mm
thick TeO,-GeO,-Nd,0, glasses

*F,, (876 nm), *F,,, (804 nm), *F., (747 nm), *F,,
(682 nm), *H,,, (628 nm), *G,, (583 nm), *G,,
(525 nm), *G,,, (511 nm), “G,,,, (465 nm) and *P,,
(431 nm) respectively. The most interesting feature
of the obtained glasses is probably their UV-Vis op-
tical characteristics showing that they can be used
as multiband filters.

CONCLUSIONS

In summary we have were prepared TeO,-GeO,—
Nd,O, glasses by conventional melt-quenching
technique. The glasses show good thermal stability,
with respect to other tellurite glasses, which makes
them suitable for usage up to ~250 °C. The optical
absorbance/transmission properties of the glasses
are comparable to those of the multiband filters and
make them ready for this type of application.

Acknowledgments: The authors would like to thank
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CHUHTE3, CTPYKTYPHA U OITUYHA XAPAKTEPHCTHUKA
HA TeO,-GeO,-Nd,0, CTBKJIA

W. TTupoera?, JI. Jlumosa', C. Atanacosa-Biaaumuposa?,
H. ITetpogal, b. IlluBayes'

! Huemumym no munepanoeust u kpucmanozpagpus, bAH, yu. ,, Axao. I'eopeu bonueg*,
on. 107, Coghusa 1113, Pvreapus
2 Unemumym no usuxoxumust ,, Axao. Pocmucnas Kauwes*, BAH, yu. ,,Axao. ['eopeu bonues*,
on. 11, Cogpus 1113, Bvreapusa

Tloctpmmna pespyapu, 2013 r.; mpueta maii, 2013 1.

(Pesrome)

B HacrosimaTa pabota ca npecTaBeHn CHHTE3bT, CTPYKTYPHHUTE, TEPMUIHUTE M ONITHYHUTE OCOOCHOCTH Ha HOBU
ctpkia ot cucremata TeO,~GeO,—Nd,O,. [Tomydenure cTbkiia MOraT Jja HAMEpsT NPUIIOKEHUE KAaTO IBETHU (PHIITPU
MIpH KanuOpupaHe, U3UCKBAIIO HATWYHE Ha HAKOIKO TBJDKUHU Ha BBIHHTE B quamazoHa 350—1000 nm u 1.H. [pu
OXapaKTEePU3NPAHETO Ha CTHKJIATa ca W3MOI3BaHU Au(epeHnnanHo tepmuder ananus (JJTA), mpaxoBa peHTreHOBa
mudpaknus (ITPJ]), madpagepsena cnekrpockonus (UP), ynrpasuonerosa u Bumuma adcopouus (YB-Buc) u enek-
TPOHHA MUKPOCKOITHS (CKaHMpAIa U TPAHCMUCHOHHA). Y B-Buc criekTbpbT Ha morrbliaHe Ha U3cIeJBaHNTE 00pa3u
MOKa3a crienu(UIHO TOTITBIAHE Ha ONPEAEICHH JbKHHN Ha BBJIHATA.
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Photocatalytic and antibacterial activity of Fe-doped TiO, nanoparticles
prepared by nonhydrolytic sol-gel method
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In the present work we report synthesis of pure and iron doped TiO, by nonhydrolytic sol-gel method using tita-

nium tetrachloride, benzyl alcohol and iron(III) nitrate.

The structure of the resulting particles was characterized by XRD, IR and UV-Vis spectroscopy. The average

particles size of Fe-doped TiO, was 12—15 nm.

The photocatalytic activity of the as-prepared TiO, powders was tested by photodegradation of the organic dye
Reactive Black 5 under UV and visible irradiation in an aqueous suspension.
Antibacterial action of pure and Fe-modified titanium dioxide samples was tested using Escherichia coli ATCC

25922. The bacterial growth was examined in the presence of a synthesized preparations — in dark and with UV light.
The photodisinfection activity was assessed by plotting of survival curves and calculation of removal efficiency. In
order to estimate the post-irradiation effect, the behavior of the bacterial suspension in presence of each photocatalyst
after 24 h dark period was tested.

The optimal iron content was found to be 0.5 mol% for the photocatalytic decomposition of Reactive Black 5 dye
under ultra violet (UV) and visible (Vis) irradiation, and also for antibacterial activity in the presence of UV light. At
higher iron contents (1-2 mol%) the photocatalytic performance under both UV and Vis irradiation was worse relative

to the undoped TiO,.

Key words: Fe-doped titanium dioxide, sol-gel, photocatalytic, antibacterial activity.

INTRODUCTION

Titanium dioxide is a wide-band-gap semicon-
ductor and a well-known photocatalytic material.
Nanosized titanium dioxide is used in a variety of
applications, such as fine ceramics, cosmetics, gas
sensors, inorganic membranes, electronic devices
and solar cells [1, 2]. Other photochemical and pho-
tophysical applications include photolysis of water
and light-induced superhydrophylicity [2]. Because
of its favorable physico-chemical properties it is
now under intensive investigations for practical
application to environmental and antimicrobial pu-
rification [2—4]. Many organic compounds can be
decomposed in aqueous solution in the presence of
TiO, powders or coatings illuminated with near UV
or sunlight [5-7].

* To whom all correspondence should be sent:
E-mail: astoy@abv.bg

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

Most investigations on semiconductor catalysis
focus on anatase type TiO,, because of its high pho-
tocatalytic activity under UV irradiation (A>388 nm)
[8-10]. Photocatalytic reactions occur on the surface
of TiO, particles. When TiO, is irradiated by UV
rays, pairs of positively charged holes are created in
the valency band and electrons in the conductivity
band. The holes react with water molecules or with
the hydroxyl ions and as a result hydroxyl radicals
are formed, which are strong oxidants of the organic
molecules [2]. Hydroxyl radicals and other photo-
generated reactive oxygen species can cause oxida-
tive attack of the bacterial cell membrane and some
internal cellular components that finally leads to
cell death [11, 12].

However, there are still problems needed to be
solved concerning its application in photocatalysis.
Its shortcomings include a large band gap energy
(3.2 eV) which causes most of the solar spectrum
unutilized. In a number of cases, the photocatalytic
reactions on TiO, nanoparticles can usually be in-
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duced only by ultraviolet light, which limits the
application of TiO, as a photocatalyst with visible
light [2, 13]. In addition, the holes may recombine
rapidly with conduction band electrons, thus de-
creasing the photocatalytic oxidation efficiency.
Therefore, prolongation of the holes lifetime is fa-
vourable for the photocatalytic efficiency. In order
to accomplish solar-driven photocatalysis and at the
same time retard possible electron-hole recombina-
tion, doping of TiO, with various transition metals
is one of the most successful strategies. Multivalent
metal ions act as electron scavengers at the surface
of the titanium dioxide, thus preventing electron-
hole recombination and improving the oxidation
performance [14, 15].

Among various metal ions, doping with iron(III)
has been widely investigated because of its unique
electronic structure and its size that closely match
those of titanium(IV). The favorable electronic
states of iron ions in titania contribute to formation
of efficient trapping sites for electrons and holes
[16, 17]. Enhanced photocatalytic activity was re-
ported for iron-doped TiO, under UV and also for
visible light irradiation in several publications [16—
20]. On the contrary, some authors observed no or
even negative effect of iron on the photocatalytic
performance [21-24].

The effect of metal ion doping strongly depends
on many factors such as synthetic procedure, dop-
ing method and the dopant concentration [14, 16].
Iron-doped titania samples have been prepared by
various methods, including hydrothermal, con-
trolled hydrolysis, co-precipitation, impregnation,
solvothermal, etc. [20]. Among the most popular
synthetic methods is sol-gel technology induced by
traces of water. However, in most cases the reac-
tion rates in aqueous sol-gel chemistry are very fast,
especially with transition metal precursors, making
it uneasy to control the processes. A simple way to
circumvent this problem is applying of so called
nonaqueous or nonhydrolytic procedures — synthe-
ses performed in organic solvents under exclusion
of water [25, 26]. The slower reaction rate of non-
hydrolytic processes allow for better control over
particle size and crystallinity [27].

In view of increasing the photocatalytic activity
of TiO,, we prepared pure and iron doped TiO, by
nonhydrolytic sol-gel method and further evaluated
their photocatalytic and antibacterial activity.

EXPERIMENTAL
Materials

Titanium(IV) chloride (purity >99.0%) was
purchased from Fluka, benzyl alcohol (>99.5%)
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from Merck, iron(Ill) nitrate, Reactive Black 5 dye
(C,H,,)N\Na,O,S,, dye content, 55%), absolute
ethanol and diethyl ether were supplied by Sigma-
Aldrich. All the chemicals were used without fur-
ther purification.

Preparation and characterization
of titania catalysts

The synthesis of pure and Fe-doped titanium ox-
ide nanoparticles was carried out following the non-
hydrolytic procedure described by Niederberger et
al. [27]. For the synthesis of undoped TiO, titanium
tetrachloride was slowly added to a beaker contain-
ing benzyl alcohol under vigorous stirring and the
resulting sols were heated at 150 °C for 1 h, at contin-
ued stirring [28]. For the preparation of Fe-modified
TiO,, initially, proper amount of iron(IIl) nitrate
was dissolved in ethanol and fed to benzyl alcohol
according to Figure 1. The reaction mixtures were
left for aging at room temperature for 10—14 days.
The resulting white thick suspensions were centri-
fuged at 4500 rpm for 15 min and the supernatant
was discarded by decantation. The precipitates were
then washed two times with absolute ethanol and
three times with diethyl ether. After every washing

Fe(NOs); >

Dissolving in Co,H;OH
!
Benzyl alcohol

! '

Orange-red colored mixture

!

Stirring (1 h at 150°C)

TiCl,

Precipitation and aging at
room temperature (14 days)

'

Centrifugation
|
Washing the precipitate
!
Drying in air
i
Heating (at 500°C 2 h) > powder

Fig. 1. Scheme of nonhydrolytic synthesis of Fe-doped
TiO,
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step, the solvent was separated by centrifugation.
The collected material was dried in air overnight
and then ground into a fine powder. The obtained
powders were calcinated at 500 °C for 2 hours. The
as—prepared samples are denoted as TiO, for pure
and xFe/TiO, for doped titania, where x represents
the Fe/Ti mol ratio. In this way three modified
TiO, samples were obtained: 0.5Fe/Ti0O,, 1Fe/Ti0,,
and 2Fe/Ti0,.

The structure and morphology of the resulting
particles were characterized by X-ray diffraction
(XRD, Bruker D8 Advance X-ray apparatus), in-
frared (IR, using the KBr pellets method (Nicolet-
320, FTIR spectrometer with aresolution of+1cm™,
by collecting 64 scans in the range 4000—400 cm ')
and UV-Vis spectroscopy (Spectrophotometer
Evolution 300).

Photocatalytic activity experiments

The photocatalytic activities of the synthesized
powders were evaluated by degradation of a model
aqueous solution of the azo dye Reactive Black 5
(RB5) under UV-Vis illumination. The molecular
structure of this commercially used dye is given in
Figure 2.

The initial concentration of RB5 aqueous solu-
tion was 20 mg/l. Titanium sample (100 mg) was
added to 150 ml dye solution to form suspension.
After sonicated for 10 min, the suspension was
magnetically stirred in dark for 30 min to ensure the
establishment of an adsorption-desorption equilib-
rium. The UV-irradiation source was a black light
blue lamp (Sylvania BLB 50 Hz 8W T5) with the
major fraction of irradiation occurring at 365 nm.
The lamp was fixed 10 cm above the solution sur-
face. The intensity of UV-light reaching the surface
of the suspension was measured with a numeric
Luxmeter (LM 37, Dostmann electronic). The mean
value of the radiation power impinging on the react-
ing suspension was estimated to be 150 Lx.

The visible light source was a S00W halogen lamp
(Sylvania) fixed at 40 cm above the treated solution.
The mean value of the radiation power reaching on
the suspension was estimated to be 14000 Lx.

All photocatalytic tests were performed at con-
stant stirring rate (450 rpm) and room temperature

NaO3SOCH2CH202S@NN

NaO3S

Fig. 2. Molecular structure of Reactive Black 5

of 25 °C. At regular time intervals of illumination,
aliquot samples of the mixture (3 mL) were col-
lected and centrifuged in order to remove the solid
particles. The absorbances of clear aliquots were
measured by a Jenway 6505 UV-Vis spectropho-
tometer at 597 nm, the maximum absorption wave-
length of RBS.

Antibacterial activity experiments

Bacterial strain and preparation
of bacterial suspension

Escherichia coli ATCC 25922 was used as a
model microorganism. To prepare bacterial suspen-
sion, one colony from a fresh culture of the tested
strain was introduced into Tryptic Soy Broth (Difco)
and then grown under aerobic conditions at 37 °C.
After 15 hours incubation, the broth culture was
centrifuged at 1000xg for 10 min. The bacterial
cells were washed two times and finally resuspend-
ed with a sterile phosphate buffered saline (PBS) —
pH 7.2. The obtained suspension was standardized
using densitometer (Densimat, bioMerieux) to 0.5 Mc
Farland and then diluted 1:1000 to the required cell
density of approximately 10° colony forming units
per milliliter (CFU/ml). The exact initial cell count
was determined by spread plate method.

Experimental procedure

The antibacterial activity of pure and Fe-modified
titanium dioxide substrates were tested as a part of
the experimental setup, previously described [28].
The disinfection process was carried out at a vol-
ume of 100 ml bacterial suspension with an initial
cell density of 10° CFU/ml and a catalyst concentra-
tion of 1 mg/ml. Each sample was poured in a sterile
glass flask of 200 ml. Three flasks were used in the
photodisinfection experiment: first flask served as a
control of bacteria growth — no catalytic powder or
radiation was applied and it was kept in dark; to the
second and third flask, 100 mg of synthesized pow-
der was added. The second flask was kept in dark,
while the third flask was irradiated with UV light.
All samples were conducted in continuous stirring
with magnetic stirrers to ensure maximum mixing
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of the powder particles. The experiment continued  distances of anatase (Ti0,) appear at 3.51; 1.89 and
up to 1 hour at room temperature (25 °C). 1.66 A (JCPDS 78-2486). The anatase structure is
At regular intervals of time (5 or 10 min) during  preferred over other polymorphs for photocatalytic
the experimental period, and after 24 hours in dark, applications because of its higher electron mobility,
the definite amounts of samples were withdrawnand  low dielectric constant and lower density. All com-
serial dilutions were prepared. 100 ul of the undilut-  monly known polymorphs of titania consist of TiO
ed samples, and 10! and 102 dilutions were plated octahedra, which share edges and corners in dif-
on Mueller-Hinton agar, BD Microbiology Systems  ferent manners. The TiO, octahedron of anatase is
(Cockeysville, Md). To reduce the detection limit, slightly distorted [29]. It has to be noticed that iron
each undiluted and diluted sample was streaked on  was not found in the XRD patterns of the investigat-
3 agar plates. The number of viable cells in all sam-  ed samples due to its very low concentrations. The
ples was determined by spread plate method. average crystallite size of as prepared undoped TiO,
Antibacterial effect was evaluated by the de- and iron doped TiO, (0.5, 1 and 2 mol% Fe) cal-
crease in the colony forming units on agar plates culated from the broadening of the diffraction line
and presented as survival curves. The survival using Sherrer’s equation is about 20 and 12—-15 nm,
curves were constructed by plotting mean survival —respectively. As is seen from the obtained values,
rate versus time. The removal efficiency, £, was the crystallite size of undoped TiO, is larger than
calculated as: those of Fe-doped TiO,. Obviously, the Fe-doping
Cc_C leads to decrease of the crystallite sizes. Our results

= Cr . .
E= x 100 are in good accordance to the results obtained by
i Yang et al. [30]. However, there are previous stud-

. o ies which reported controversial results concerning
where Ci and (fare the initial and final CFU/ml, the Fe'* doping effect on the crystallite sizes. For

respectively. example, Wang et al. [31] claimed that Fe*" increase
the crystallite sizes. Figure 4 presents the infrared
RESULTS AND DISCUSSION spectra of investigated powder samples in the range

1200400 cm™. As a more sensitive method, the
IR spectroscopy was used to verify the main short
range orders of the obtained submicron powders. As

XRD measurements were performed to identify  is seen from the figure, vibrations of the inorganic
the crystalline phases synthesized by the nonhydro-  building units were recognized only. In the spec-
lytic sol-gel process at 500 °C calcination tempera-  trum of all samples (Figure 4) bands in the range
ture. The XRD patterns of the as obtained powders, 470-420 cm™! are observed. It is well known and it
undoped and iron doped TiO, (0.5, 1 and 2 mol% Fe),  was also proved in our previous studies, that bands
are shown in Figure 3 a and b, respectively. As is  in the absorption range 700-400 cm™ could be relat-
seen in both figures, the three strongest interplanar  ed to the vibrations of TiO, units [32, 33]. Despite

Characterization of titania samples

12-15 nm A-TiO, (anatase)
20 nm A TiO, (150 °C)
-
1500 a) . 2 mol % Fe-TiO,
A -TiO, (anatase) AA A
oy T T T T T T
» : 10 20 30 40 50 60 70 80
§ g 0
> 10007 = 1 mol % Fe-TiO,
o » A A
2 c A AR A A
[) ]
- - T T T T T T
< 5004 E 10 20 A 30 40 50 60 70 80
0.5 mol % Fe-TiO,
A
AAA AA AA A
0 -
T T T T T T
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
20, deg 20, deg

Fig. 3. XRD patterns of undoped (a) and doped with Fe (b) TiO,
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TiO, + 2 % Fe (d)

TiO, +1 % Fe (c)

TiO, + 0.5 % Fe (b)

Transmittance,(a.u.)

TiO, + 0 % Fe (a)

—TTTT—T 7T
1200 1100 1000 900 800 700 600 500 400

E]
Wavenumber,cm

Fig. 4. IR of the investigated samples

the fact that iron was not detected in the XRD pat-
terns, its presence was registered by IR spectros-
copy (bands in the range 680—470 cm™). The dop-
ing of even small amount of iron (0.5 mol%) led to
changes in the IR spectra. The absorption intensity
of the new bands changes with the iron content. The
observed bands in the range 590-510 cm™! could be
assigned to the vibrations of FeOy structural units,
while those above 600 cm™ may be related to the
vibrations of FeO, polyhedra [34].

The ultraviolet-visible (UV-Vis) absorption
spectra of different TiO, powders are illustrated in
Figure 5. As is seen from the figure, the increase
in Fe** content increased the absorbance in the UV
spectra. The UV-Vis spectra were used to determine
the optical band gap (E,,) of investigated samples.
For undoped TiO, E_, was 2.92 eV, while for the
other two samples (0.5 and 2 mol%) it was about
2.95 eV. It is known that the band gap value of
Degussa P25 is 3.03 eV [35], while for pure ana-
tase is 3.2 eV [36]. Obviously, the band gap energy
values of the synthesized undoped and Fe** doped

v undoped TiOz'

1% Fe-TiO,

Absorbance, (a. u.)
e ..,r_.—-_—.ﬂ.,,
N
3
AN

. . i . .
200 300 400 500 600 700
Wavelength, nm

Fig. 5. UV-Vis spectra of undoped and doped with 0.5 and
2 mol% Fe-TiO,

TiO, samples are lower than those pointed out in
the literature [35, 36]. According to Wu et al. [36]
the narrowing of the band gap can improve the pho-
tocatalytic activity under visible light. This could
explain our results for the photocatalytic activity of
investigated samples. However, more experiments
are needed in order to elucidate this fact.

Photocatalytic activity

The water soluble dye RB5 was selected as a
model pollutant because it has been extensively
used for dyeing cotton fabrics. Reactive Black 5 dye
has two reactive vinylsulfonil groups and two azo
groups (Figure 2). The dye is not degradable by di-
rect photolysis and by TiO, in dark. Decoloration
by TiO, adsorption under dark conditions did not
exceeded 10% for all treatments (data not shown),
determining that decoloration was conducted pri-
marily by the photocatalytic process.

The changes in RB5 dye concentration C/C, (C,
initial concentration and C reaction concentration of
the dye) by the synthesized samples with the time of
UV and visible radiation are shown in Figures 6 and
7. As can be seen, the iron content is an essential fac-
tor to define the photocatalytic activities of the sam-
ples. The preparations containing 0.5% Fe showed
higher photocatalytic activities than pure TiO, either
under UV or visible light irradiation. On the other
hand, doping with higher concentrations of Fe** ions
led to marked decrease in photocatalytic activity.

It is believed that Fe** ions can act as shallow
traps in the titania lattice although their role dur-
ing photooxidation processes remains controversial
[37]. Introducing of small amounth of dopant ion
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12 —— T2
‘ ~0— 0.5Fe/TIO2
1% « X~ 1Fe/TiO2
M —o— 2Fe/TiO2
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X
02
0
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Time, min

Fig. 6. Photocatalytic activity of TiO, samples under UV
irradiation

can retard possible electron-hole recombination
thus leading to enhanced photoactivity. However,
on increasing the dopant content the probability of
charge carrier recombination is increased, explained
by surplus Fe** ions which can cover the active sites
on the surface of TiO, particles and as a result the
photocatalytic activity decreases [38]. Sources of
this controversy could also be due to differences
in the preparation methods and doping procedure
which can lead to different structural and electronic
characteristics of the samples [39, 40]. For a par-
ticular synthesis method, optimum dopant concen-
tration directly affect the photocatalytic activity [17,
37]. Such photocatalytic behavior of Fe-doped TiO,
was observed by us and other researchers. In our
study, maximum photoactivity toward RB5 dye
was exhibited for the 0.5% Fe sample. The activ-
ity of this sample was higher than that of pure
Ti0, (Figures 6 and 7) under both — UV and vis-
ible light irradiation.

Antibacterial activity

The results from all experiments show that the
inactivation of bacteria strongly depends on the
presence of UVA light and concentration of the do-
pant. In the absence of radiation and after 60 min
treatment, the number of cells slightly decreased, as
follows: from an initial cell count 2.16x10° CFU/ml
to 1.67x10° CFU/ml in contact with pure TiO,, and
from 2.24x10° CFU/ml to 7.40x10* CFU/ml with
0.5% Fe-doped TiO,. Despite the fact that during
dark conditions 0.5% Fe sample had showed better
activity and reduced 66.8% of bacterial cells in the
first 60 min, in the next 60 min the number of viable
cells reached 1.65x10° CFU/ml. After 24 hours sub-
sequent dark period, the bacterial growth was the
same as at the beginning of the experiment in both
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Fig. 7. Photocatalytic activity of TiO, samples under visible
light irradiation

studied powders — pure and 0.5% Fe-doped TiO,.
It can be concluded, that disinfection with TiO, na-
nosized materials under dark conditions does not
proceed. This corresponds to the principle of pho-
tocatalytic disinfection activity [11] and is in agree-
ment with other reports [12]. Antibacterial action
of the synthesized preparations in the presence of
UVA light is illustrated as survival curves in Figure
8. As can be seen, pure TiO, exhibited significant
photoinduced activity against E. coli ATCC 25922:
For the initial cell concentration 2.16x10° CFU/ml,
the removal efficiency in the first 5 and 10 minutes
was 49.3% and 98.4%, respectively, and 100% re-
duction was achieved in 15 min.

Fe-modified titanium dioxide substrates have
shown different activities against the tested strain
at illumination conditions. It is obvious, that in the
presence of UVA light 0.5% Fe-doped TiO, ex-

120

—o— TiO2

—o— 0.5Fe/TiO2
—X— 1Fe/TiO2
—o— 2Fe/TiO2

100 %

Survival rate, %

X X
0 10 20 30 40 50 60 70

Time, min

Fig. 8. Survival curves of Escherichia coli ATCC 25922
in presence of different substances and UV A radiation
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hibited strongest antibacterial action — removal
efficiency in the first 5 min was 95.7% and com-
plete killing of bacteria was observed in 10 min.
Concerning other preparations with higher iron
content, the sample 1Fe/TiO, showed better anti-
bacterial activity than those of 2Fe/Ti0, (Figure 8).
After 20 min UVA light treatment by 1% Fe-doped
TiO,, almost all cells were destroyed (99.9%),
whereas by using 2% Fe-doped TiO, for the same
period only half of them were destructed (56.7%)
and subsequent 95.3% reduction was achieved af-
ter 60 min.

In most studies, TiO, photo-inactivation of bac-
teria has been examined as levels of inactivation
without taking into account the levels of repair
that may follow [12]. That is why we estimated the
post-irradiation effect of all synthesized prepara-
tions after 24 h dark period. The subcultures from
UVA illuminated TiO,, 0.5Fe/TiO, and 1Fe/TiO,
samples did not show any bacterial growth after
overnight in the dark. This suggests that photoac-
tivated treatment by these agents induced strong
and lethal bacterial damages. In contrast to them,
2% Fe-doped TiO, did not show bactericidal ef-
fect — E.coli re-growth of more than 10° CFU/ml
was observed after 24 h dark period. Finally, we
may assume that some nanosized materials, such
as pure TiO,, 0.5% and 1% Fe-doped TiO, in the
presence of UVA light possess bactericidal activ-
ity, whereas 2% Fe-doped TiO, only inhibits bac-
terial cells and probably has bacteriostatic effect.
Antibacterial activity of Fe-modified titanium di-
oxide preparations initiated by visible light will be
object of further investigations.

CONCLUSIONS

¢ Iron-doped titanium dioxide was prepared by a
nonhydrolytic sol-gel method using titanium tetra-
chloride, benzyl alcohol and iron(I1I) nitrate.

* The optimal iron content for the photocatalytic
decomposition of Reactive Black 5 dye under UV-
Vis irradiation was found to be 0.5 mol%.

* At higher iron contents (1-2 mol%) the pho-
tocatalytic performance under both UV and visible
irradiation was worse relative to the undoped TiO,.

* In the presence of UV light, both 0.5% and
1% Fe-doped TiO, had strong bactericidal activity
against E. coli, similar to that of the pure TiO,. In
comparison to them, 2% Fe-doped TiO, exhibited
only weak bacteriostatic effect.

* The best antibacterial properties under UV
illumination were presented by 0.5 mol% Fe-
doped TiO,, that correlates with highest photocat-
alytic action of this sample under UVA and Vis
irradiation.
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OOTOKATAJIMTUNYHA U AHTUBAKTEPMAJIHA AKTUBHOCT
HA JJOTUPAHHU C XEJIAA30 TiO, HAHOUYACTHULN, ITOJIYYEHU
1O HEXUAPOJIMTUYEH 30JI-I'EJI METO/1

A. M. Crosinoa'*, X. 1. Xutkosa', H. K. MBanosa', A. JI. bruBapoBa-Henemuena?,
P. C. Uopnanoa?, M. I1. Cpexnxosa!

I Meouyuncxu Ynuusepcumem-Iliesen, 5800 Ilieeen, Bvieapus
2 Unemumym no Obwa u Heopeanuuna Xumus, Beaeapcka Axademus na Hayxume,
1113 Cogus, bvreapus

TocTenmna despyapu, 2013 r.; npuera mai, 2013 r.
(Pesrome)

B nHacrosdmara paboTa e IpeACTaBeH CUHTE3 Ha AOTUPaH ¢ xkem130 Ti0, CHHTe3upaH 10 HEXUAPOIUTUYEH 30J1-Tell
METOJl OT TUTAHOB TETPaxJIopu 1, OeH3WI0B ankoxou u xenezeH(11) Hurpar.

[Tonmyuyenure 00pasnu ca oxapakrepusupanu ¢ nomomnrra Ha POA, Y u Y B-Buc ciekrpockonust. OTHOCUTCITHHST
pa3mep Ha nonyuyenure Fe-norupanu TiO, vactuiu e 12-15 nm.

dorokaTanuTUYHATA AKTUBHOCT HAa CUHTE3UpaHUTe mpaxose oT Ti0, e u3cnensana upe3 (poToperpafanuaTa Ha
oprannvHOTO Oarpmiio Reactive Black 5 mpu ocBersiBane ¢ YB u BuanMa cBeTIMHA.

AnrtnbaxrepuanHara akTUBHOCT Ha uucT U Fe-mogudunupan TiO, e uscnensana cupsamo wam Escherichia coli
ATCC 25922. BakrepuaiHusT pacTex Oellle M3MNUTBAH B IPUCHCTBHE HA CHOTBETHHUS CHHTE3MPaH IIpenapar Ha ThMHO
U B npuchCcTBHE HAa Y B cBermHa. dotoe3nHpeKIIMOHHATa aKTHBHOCT € OIIEHEHa Ype3 KOHCTPYUpaHe Ha ,,KPUBH Ha
NPEXUBSIEMOCT M OIpe/IeiIsiHE Ha e)EeKTUBHOCTTA HA OTCTPaHsIBaHE Ha OAKTEpUAIHNUTE KICTKU. 3a OlleHKa Ha TOCT-
UpaJnalvoHHNs eeKT OaKTepruaiHaTa CyCIIeH3HsI € TECTBaHa OTHOBO CJiejl 24 4 MPecToi Ha ThbMHO. Y CTaHOBEHO ¢,
Ye ¢ Haif-100pa GpoToKaTaNMTHYHA ¥ aHTHOAKTEpHAIHA aKTUBHOCT € TIpernapaTsT, chabpikany 0,5 mol% xenszo. [Ipu
MO-BHCOKO ChIIbpiKaHHe Ha xkelsi30 (1-2 mol%) orokatalMTHYHUTE TECTOBE MOKa3aXa MO-JIONIH PE3yITAaTH CIPSIMO
yuctus TiO, kakTo B YB, Taka 1 BbB BHMMaTa 00J1aCT.
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Synthesis and crystal structure of oxonium 2,4,8,10-tetra-
hydroxy-1,3,5,7,9,11-hexaoxa-2,4,6,8,10-penta-
boraspiro[5.5]undecan-6-uide hydrate
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Oxonium 2,4,8,10-tetrahydroxy-1,3,5,7,9,11-hexaoxa-2,4,6,8,10-pentaboraspiro[5.5Jundecan-6-uide hydrate, was
synthesized and its structure was investigated by single crystal X-ray diffraction and "B NMR analyses. The title
compound, B.H,0,,, crystallizes in the orthorhombic crystal system, space group Aba2 with cell parameters a =
11.3286(5) A, b =11.0118(4) A, ¢ = 9.2314(4) A, Z=4 and V' = 1151.60(8) A*. The crystal structure is stabilized
through hydrogen-bonding interactions, involving all possible donors and acceptors.

Key words: boroxine, single crystal, "B NMR.

INTRODUCTION

Borate materials are very attractive due to their
use in various applications, ranging from agricul-
ture, nuclear containment shields, in the production
of glasses and ceramics, in chemistry synthesis,
wood treatment, optical materials, treatments for
cancer etc. Amongst the multitude of borate com-
pounds (crystals, ceramics, glasses) employed in
the optical field one should pay special attention
to borate crystal phases that exhibit non-linear op-
tical activity (barium borates, f-BBO, cesium bo-
rate, cesium lithium borate etc.). Aforementioned
crystal phases are nowadays used routinely in la-
ser setups for second- and third- harmonic gen-
eration (SHG and THG), phase-matching etc. A
large number of inorganic (potassium, cesium), or-
ganic (alkylammonium, heterocyclic) or coordina-
tion (tris(ethylenediamine-N,N”)-cobalt(I)) [1, 2]
salts of the unknown in free state pentaboric acid
H'[B,O,(OH),]” have been described. They have
been obtained mainly within attempts to optimize
the optical, thermal and structural properties of

* To whom all correspondence should be sent:
E-mail: blshivachev@gmail.com

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

known borate phases. Attempts to introduce organ-
ic molecular fragments to enhance the polarization
or charge transfer while maintaining the boron sur-
rounding have been also made. Amongst the factors
contributing to the large diversity of borate crystal
phases are the performed variations of the molar
ratio of the reactants, the temperature, the solvent
media and the presence of impurities (hampering
or initiating the crystallization). Continuing our
investigation on boronic acids crystallization and
co-crystallization [3—5] here we present the crys-
tal structure of oxonium 2,4,8,10-tetrahydroxy-1,
3,5,7,9,11-hexaoxa-2,4,6,8,10-pentaboraspiro[5.5]
undecan-6-uide hydrate (I), B,H,0,,.

EXPERIMENTAL
Synthesis and characterization

The title compound (1) was obtained according
to the reaction scheme 1.

Boric acid (165 mg, 2.67 mmol) and triethyl-
benzylammonium chloride (TEBA.CI) (600 mg,
2.64 mmol), were dissolved in 50 ml distilled wa-
ter. Colorless (transparent) crystals of 1, suitable for
single crystal X-ray diffraction analyses have been
obtained after slow evaporation of water at room
temperature.
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Scheme 1. Reaction scheme and chemical diagram of the title compound (1)

X-ray — single crystal analyses

A crystal of the title compound having ap-
proximate dimension 0.22x0.20x0.16 mm® was
placed on a glass fiber and mounted on an Agilent,
SuperNovaDual four-circle diffractometer equipped
with Atlas CCD detector and using mirror-mono-

chromatized MoKa (A = 0.7107 A) radiation from
micro-focus source. Diffraction data were collected
at room temperature by the w-scan technique. The
determination of cell parameters, data integration,
scaling and absorption correction were carried
out using the CrysAlisPro program package [6].
The structure was solved by direct methods using

Table 1. Crystal data and most important structure refinement indicators for 1

B,H,0,, (PBA)

M =255.11

Orthorhombic, Aba2

a=113286(5) A

b=11.0118 (4) A

c=92314 (4 A

V=1151.60 (8) A

Z=4

F(000) = 564

Supernova Dual, Atlas CCD diffractometer
Radiation source: Mova (Mo) X-ray Source
mirror

Detector resolution: 10.3974 pixels mm™!

® scans

Absorption correction: multi-scan

CrysAlis PRO, Oxford Diffraction Ltd., Version 1.171.34.40
T, =0.837,T =1.000

>~ max

4244 measured reflections

Refinement on F?
Least-squares matrix: full
R[F*>20(F*)] = 0.050

wR(F?) =0.150
S=1.10

1702 reflections
85 parameters

1 restraint

D _=1.581 Mgm™

Melting point: 314 K

Mo Ka radiation, A = 0.7107 A

Cell parameters from 3322 reflections
0=2.9-32.7°

pu=0.16 mm!

T=290K

Prism, colorless

0.22 x 0.20 x 0.16 mm

1704 independent reflections

1671 reflections with 7> 2c(/)

R, =0.025

0, =32.7°,6

max > “min

h=-14-16

=2.9°

k=-15—15

[=-13—12

Primary atom site location: structure-invariant
direct methods

Hydrogen site location: from difference Fourier
map and inferred from neighboring sites
H-atom parameters constrained

w=1/[c*(F}?) + (0.1086P)* + 0.2796P]

where P = (F 2+ 2F?)/3

(Alo),,,, <0.001

Secondary atom site location: difference Fourier map
Ap,..=032e A

Ap,,,=—030e A

Extinction correction: none
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ShelxS [7] and refined by full-matrix least-square
procedures on F? with ShelxL-97 [7]. The boroxin
and oxonium (Ow2) hydrogen atoms were located
from difference Fourier map and refined as riding
on their parent atoms, with U_(H) = 1.2U_(O).
Ow1 hydrogen atoms were placed on calculated po-
sition fulfilling hydrogen bonding criteria with ac-
ceptor atoms and refined as riding on their parent
atoms, with U, (H) = 1.2U, (0).

NMR

The "B NMR data were obtained on a Bruker
AMX 500MHz at 300K. The data were referenced to

Table 2. Selected geometrical parameters for 1 (A, ©)

a H,BO, solution D,O (35 ppm). "B NMR (THF-Dj,
160.4 MHz): 6 =—4.8 (O,B"), 16.9 (BO,).

RESULTS AND DISCUSSION

The chemical diagram of the studied compound
(1) is illustrated in Scheme 1 and experimental con-
ditions are summarized in Table 1. Selected bond
distances and bond angles are listed in Table 2.
Hydrogen bonding geometry is presented in Table 3.
A diagram of the molecular structure with 50% prob-
ability and the atom numbering scheme is shown in
Fig. 1. The data for publication were prepared with

Bond distance

B1—02 1.372 (2) B2 —O1i 1.4659 (19)

B3 — 05 1.353(2) B2 —03 1.475 (2)

Bl — 03 1.3557 (19) B2 — O3' 1.475 (2)

B1 — 04 1.353 (2) B3 — 01 1.351 (2)

B2 — 01 1.4660 (19) B3 —02 1.379 (2)

Bond angle

03 —B1—02 121.74 (13) 03—B2—03 108.1 (2)

04 —B1—02 118.38 (14) 0l —B3—02 121.77 (14)

04 —B1 — 03 119.88 (14) 0Ol — B3 —05 124.23 (14)

01'—B2 — 0l 108.7 (2) 05—B3—02 113.98 (15)

01 —B2—03 111.39 (6) B3 —01—B2 123.16 (11)

0O1'—B2—03 108.62 (8) Bl —02—B3 119.01 (13)

O1'—B2 — O3i 111.39 (6) Bl —03—B2 122.91 (11)

01 —B2 — 03! 108.62 (8)

Torsion angle

Ol'—B2—01 —B3 120.73 (19) 03—B2—01—B3 =117.91 (17)

Ol'—B2 — 03 —BI —120.07 (14) 03—B2—01—B3 1.1 (3)

Ol —B2— 03 —Bl1 -0.4 (2) 03 —B2 — 03 —BlI 118.91 (16)

0Ol — B3 —02—Bl1 0.3(3) 04 —B1—02—B3 179.93 (19)

02—B1—03—B2 -0.3(3) 04 —B1—03—B2 —179.86 (17)

02—B3—01—B2 -1.1 (3) 05—B3—01—B2 -179.6 (2)

03 —Bl1—02—B3 0.4 (3) 05—B3 —02—BI 178.95 (19)

Symmetry code: (i) —x+1, —y+1, z
Table 3. Hydrogen bond for I (A, °)

D—H-A D—H d(H--A) d(D-A) <(DHA)
OW2—HW2B--01 0.954 1.912 2.857(5) 170.2
04—H4---OW2! 0.949 1.741 2.687(4) 174.5
O5—H5--04 0.820 1.907 2.664(4) 152.9
OWI—HWIA--O5' 1.152 1.844 2.962(5) 161.9
OWI—HWI1B---02" 1.068 1.888 2.935(5) 166.1
OWI—HWI1B--05" 1.068 2.332 2.962(5) 116.2
OW2—HW2A:--0O3Y 0.783 2.116 2.881(4) 164.9
OW2—HW2C--OW1" 0.748 2.342 2.992(5) 146.0

Symmetry codes : (i) x+1/2, -y+1, z+1/2; (ii) x, y-1/2, z-1/2; (iii) x-1/2, -y+1, z+1/2;

(v) x+3/2, y, z+1/2; (V) x, y-1/2, z-1/2; (Vi) x, y, z-1.
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04

W
B ey

symmetry operation (i): -1-x, -2-y, z

C—""@ﬁ_"o

Fig. 1. View of molecule with an atom-numbering
scheme. Displacement ellipsoids for the non-H atoms are
drawn at the 50% probability level. The H atoms are pre-
sented with spheres with arbitrary radii

WinGX [8], ORTEP [9], and Mercury [10] program
packages. The location of the disordered H atoms of
the solvent water (Ow1) has been performed using
DHA program. [11]

The title compound crystallizes in the noncen-
trosymmetric space group 4ba2 (No 41) and thus

Fig. 3. Three-dimensional packing of the molecules in
the crystal structure; hydrogen bonds are shown as dot-
ted lines
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Disorder
of the H,0O

Fig. 2. The PBA, water, and oxonium ion hydrogen bond-
ing interactions (see Table 3) are shown as dotted lines

possesses the prerequisites for potential (non-lin-
ear) optical application. Unfortunately we could
not grow sufficiently large crystals for perform-
ing such investigations. The structural parameters
(bond lengths and angles) of the title compound are
comparable with those reported earlier [12, 13]. The
boroxin ring systems (B1/01/B2/02B3/03) is essen-
tially planar with r.m.s. deviation of 0.0038(4) A. The
two hydroxy groups (O4 and O5) are also situated in
the plane of the boroxin ring (OH groups are strong
n-donor). In the three-dimensional arrangement of
the molecules of 1 all possible donors and accep-
tors are involved in hydrogen bonding interactions
(Fig. 2, 3 and Table 3). A closer inspection of the
short distances and contacts present in crystal struc-
ture of 1 could not locate m... & or other weak inter-
actions. The "B NMR shifts are consistent with O,B~
and O,B arrangement [14] "B NMR (THF-D,,
160.4 MHz): 6 =—4.8 (O,B"), 16.9 (BO,).

The observed formation of the title compound
(pentaboric acid) in the presence of triethylben-
zylammonium chloride can be explained with the
assumption that the alkylammonium salt enhanc-
es the solubility of orthoboric acid and prevents
crystallization of orthoboric acid. In addition, the
bulky and less polar cation locally decreases the
medium polarity and favors the equilibrium shift
to pentaboric acid.

SUPPLEMENTARY MATERIALS

ICSD 425613 contains the supplementary crys-
tallographic data for this paper. Further details of
the crystal structure investigation(s) may be ob-
tained from Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax:
(+49)7247-808-666; e-mail: crysdata(at)fiz-karl-
sruhe.de, http://www.fiz-karlsruhe.de/request _for
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deposited data.html) on quoting the appropriate
ICSD number.
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CUHTE3 U KPUCTAJIHA CTPYKTYPA HA OKCOHUEB
2,4,8,10-TETPAXUJIPOKCHU-1,3,5,7,9,11-XEKCAOKCA-2,4,6,8,10-ITEHTA-
BUCIAPO[5.5]YHJEKAH-6-OUJ] XUJIPAT

JI. Iumosa, K. Koces, X. U. Coupkosa, P. I1. Hukonosa, b. JI. [lluBaues

Hucmumym no munepanoeus u kpucmanoepagusi ,, Akao. Hean Kocmosg ™,
bBvaeapcka akademust na naykume, yiu. ,,Axao. I'eopeu bonues”,
onok 107, Cogpus 1113, Bvaeapus

Tocrenmna despyapu, 2013 r.; npuera mait, 2013 r.

(Pesrome)

Cuntesupanust okconues 2,4,8,10-terpaxuapokcen-1,3,5,7,9,1 1-xexcaokca-2,4,6,8,10-neaTadbucnupo[5.5|yHae-
KaH-0-0H]] XUApaT Oe oXapakTepH3upaH MOCPEICTBOM MOHOKpPHCTAIHA peHTreHoBa nudpakius u ''"H SIMP ananuzu.
Taka HaumenyBaHoTO BemectBo, B.H,O,,, kpucranusupa B OpropoMOUYHa KpUCTalHa cucteMa U Aba2 mpocTpas-
CTBEHa TpyTa, C MapaMeTpH Ha ejleMeHTapHata kieTka a = 11.3286(5) A, b=11.0118(4) A, c =9.2314(4) A, Z=4
and V= 1151.60(8) A*. TpumepHaTa KpUCTaHa CTPYKTYpa € CTaGMIM3UPaHa OT MpeXa OT BOJOPOIHH BPB3KH, KaTO
BCHYKH [MOTCHIMATHH JOHOPH M aKIENTOPH y4acTBaT B CTAOMIN3NPAIIN B3aUMOICHCTBHSI.
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This protocol details a rapid preparative procedure enabling the visualization of biological samples like DNA and
bacteria by scanning electron microscopy (SEM). This involves the fixation of the samples, followed by subsequent
dehydration and the processing for electron microscopy observation. The fixation step is performed by allowing the
samples to embed into an agar matrix. The dehydration of the samples ensures that they will not disrupt when process-
ing for SEM observation or in the SEM vacuum camera. The whole process may be achieved for 6-24 hours and has
been optimized for the visualization of bacteria, DNA. Samples once processed for SEM can be stored mild vacuum

for weeks, allowing sufficient time for image acquisition.

Key words: scanning electron microscopy, SEM, Esherichia Coli, Thermobispora bispora.

INTRODUCTION

Biological samples e.g. bacteria, DNA, proteins,
contain significant amounts of water and exhibit low
conductivity. In their natural state, these samples
cannot be observed directly by conventional scan-
ning electron microscope (SEM) because the surface
and subsurface water quickly evaporates under the
high vacuum conditions necessary for electron mi-
croscopy observation [1, 2]. As a result usually the
sample distorts collapses or destructs. In addition,
water vapor from the specimen chamber decreases
the vacuum and contaminates the detectors and col-
umn. The low conductivity of the biological sam-
ples also results in electrical charging that interferes
with the electron beam and the secondary electron
(SE) emission from the sample. Therefore, biologi-
cal samples must be fixed, dehydrated, critical-point
dried and coated before they can be observed in a
conventional high-vacuum SEM [3]. Currently used

* To whom all correspondence should be sent:
E-mail: blshivachev@gmail.com

510

protocols enabling electron microscopy observation
are focused for obtaining high-quality data and in-
volve successive series of procedures. While high
quality data is achieved the protocols often include
hazardous materials (OsO, or glutaraldehyde), are
long-lasted and in some cases may extend for more
than 7-8 days [4]. Our aim has been to adapt a pro-
tocol that will reduce significantly the processing
time of such samples without significant loss of data
collection quality. The protocol described hereafter
provides a fast alternative for biological samples
preparation [5, 6]. It can be used for rapid assess-
ment of samples shapes, structural morphology etc.

MATERIALS AND METHODS

Although that there are many conditions to be
met for “ideal” sample preparation for electron mi-
croscopy (EM) observation the most important and
necessary condition is to maintain the integrity of
the biological sample during sample preparation
and subsequent work in the electron microscope [7].
Thus for biological samples the first difficulty lies in

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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the stable fixation of the samples onto a suitable sur-
face as not to violate their integrity. The second dif-
ficulty is related to the high water content present in
such samples. Unfortunately EM requires relatively
high vacuum (1076 to 107 torr) and if the samples
are subject to such harsh conditions the water dehy-
dration process of the samples is accompanied by
the distortion, collapse or destruction. Fortunately,
this drawback of EM can be circumvent by dehy-
dration of the biological samples [8]. The last but
not always the least difficulty is related to the low
contrast provided by the samples build up predom-
inantly by amino acids or nucleic acids e.g. C, N
and O atoms [9]. Fortunately negative and positive
staining may be used for enhancing the contrast —
having in mind that DNA backbone is negatively
charged [10].

Specific safety measures

* Because of the toxicity of the reagents and be-
cause possible biological contamination cannot be
entirely excluded it is highly recommended to wear
gloves during this procedure.

* NB! Staining with osmium should be done
wearing gloves and under a fume hood.

* All waste materials generated during this pro-
cedure, such as the sheets of Whatman filter paper
should be appropriately disposed (e.g. autoclavable
waste container).

Materials

* Distilled water, sterile (dH,0);

 Agar, biology grade;

* Optional: contrast enhancement (OsO,,
UO,(CH,C00),, WO,).

Small laboratory material

* Small (60 mm diameter) or large (120 mm di-
ameter) polyethylene petri dishes;

» Sterile centrifuge tubes (1.5 or 2 ml);

* sterile filter (<0.44 pm);

* Microbiology laboratory slides (18%18) — suit-
able for EM holder;

* Beaker glass, 50 ml,

* Filter paper (Whatman, 54 hardened);

 Forceps to manipulate laboratory slides;

* Permanent, waterproof marker (Staedler Lu-
mocolor);

+ Ball point to indicate references on filter paper.

Equipment

* Scanning electron microscope (Jeol, JSM 6390);
¢ Ultraviolet lamp;

* Laboratory oven;
* Centrifuge (~5000 rpm);
* Pipettes.

Sample processing preparation
Growth of bacteria and genomic DNA isolation

Twobacterial strains were employed: Escherichia
coli (E. coli) DH5a strain and Thermobispora bis-
pora (DSMZ 43038) [11]. DH5a is nowadays the
most frequently used E. coli strain for routine clon-
ing applications. It grows easily at 37 °C and its
exponential growth can be controlled by spectro-
photometric technique. Thermobispora bispora is a
thermophilic strain that grows at 55 °C and in addi-
tion slowly than E. coli.

For the DNA investigation we isolated genom-
ic E. coli DNA by standard procedure (PureLink,
Invitrogen). The successful isolation was monitored
electrophoretically (1% agarose gel, stained with
5 ul ethidium bromide, 10 mg ml™).

Harvesting of the samples

DNA elution was performed with 20 pl PCR
water in order to avoid the presence of additional
parasite salts from buffers.

The E. coli and Thermobispora bispora samples
were collected by centrifugation at 3500 rpm for
5 min from the growth cultures (from 2 ml or more).
The supernatant was discarded and the procedure
was repeated two times with the addition of distilled
water. The two additional steps are required in order
to dissolves the salts and remains from the growth
media. Finally 5-20 pl of dH,O are added and the
pellet is carefully homogenized thus ready for fixa-
tion for EM observation

Preparation for fixation and embedding
of biological samples

1. 0.8% wt Agar-water solution: 400 mg agar
were dissolved in 50 ml of distilled water by heat-
ing in a microwave oven without allowing the so-
lution to boil.

2. Clean cover slips 18x18 mm? are sterilized by
UV irradiation 10 for minutes. After what the slides
are dipped in the agar solution (the 0.8% wt Agar
solution is kept at ~ 50—60 °C in order to remain lig-
uid) and left horizontally allowing a thin agar film
to materialize. NB!!! Agar polymerization starts
with temperature drop however it takes more than
30 min to obtain a sufficient degree of cross linking
of the matrix.

3. The biological sample (bacteria, DNA) is care-
fully placed (pipetted) on the agar film and spread if
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necessary. The fixation/embedding of the samples
is achieved with agar cross-linking after approxi-
mately 30—45 min.

4. The agar is dehydrated in an oven at 37 °C for
12 hours (if necessary a low vacuum 0.8 atm may be
additionally employed).

5. Dehydration of the samples: we choose to uti-
lize a classical dehydration processing of the fixed
samples by successive immersion in ethanol solu-
tions starting from low to high concentration: 10,
25, 50, 75, 96 and absolute 99.99%). The samples
were maintained in each ethanol solution for at least
30 minutes. Finally a drying at 37 °C for about 1
hour is performed.

6. The prepared samples are coated with a thin
gold film (<10 nm).

Contrast enhancement by negative or posi-
tive staining can be optionally performed (OsO,,
UO,(CH,C0O0),, WO, etc.) of the samples before
the first ethanol dehydration steps or immediately
after the dehydration process depending on the
samples.

RESULTS

SEM analyses were performed on a JSM 6390
electron microscope (JEOL, Japan) in conjunction
with energy dispersive X-ray spectroscopy (EDS,
Oxford INCA Energy 350) equipped with ultrahigh
resolution scanning system (ASID-3D) in regimes of
secondary electron image (SEI). The sample (cover
slip) is mounted on a double coated conductive car-
bon tape that holds the sample firmly to the stage
surface and can be used as a ground strap from the
sample surface to sample holder. The samples were

gold coated (time of coating ~30 s). This thickness
of gold layer resulted in decent image quality with-
out causing any electric charging. With thinner gold
films (decrease of coating time below 30 s) electric
charging was observed [12, 13]. When the coating
time was longer (more than 40 s), the gold layer was
thicker but no improvement of image quality was
observed. The accelerating voltage was adjusted to
15 kV, I ~ 65 mA. Lower voltages (e.g. 10 kV) re-
sulted in loss of contrast while higher voltages lead
to rapid degradation of the imaging [14-16]. The
pressure was of the order of 107* Pa [17].

The production of cover slips and embedding
of the samples into the “agar” layer was achieved
without difficulty. One should adjust carefully the
required amounts of sample (not as on Fig. 1 were
we intentionally overestimates the amounts for bet-
ter visualization) as to have a “horizontal” (flat) sur-
face allowing facile focusing of EM observation.

Figure 2 shows the observation of E. coli cells.
As one can see the centrifugation and subsequent
spreading of the water-cell solution over the cover
slip allows better separation of individual cells. If
a single colony of the same cells is directly embed-
ded onto the cover slip the surface roughness can
be observed. Interestingly, the average size of the
cells is different (single colony shows that the cells
are smaller). This is probably due to the centrifu-
gation as the process collects more easily bigger
ones. Thus an adjustment of centrifugation speed
will be necessary in function of the size and con-
sistency of the sample.

The results from the Thermobispora bispora ob-
servation are shown on Fig. 3. As one can see the
quality of the visualization is reasonable. The con-
centration of the sample (Fig. 3a) leads to a some-

Fig. 1. Covers slips 18 mm? with embedded samples that were subject to dehydration and covering with gold layer
a) Single E. coli colony from agar plate b) E. coli collected by centrifugation and spread over and c) Thermobispora
bispora collected by centrifugation from media contaminated with TiO, (nano)particles. The amounts of samples here
were intentionally overestimated
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15kv X3,300  Spm 15 40 SEI

15kV  X3,000 Spm 13 30 SEI

Fig. 2. SEM images of E. coli a) spreading after centrifugation b) single colony taken

directly from plate (solid media)

15kV X1,000 10pm 11 50 SEI

X1,500 10pm

15kV 11 48 SEI

15kV X5,000 5pum 1150 SEI

15kV  X4,000 Sum 11 40 SEI

Fig. 3. SEM images of Thermobispora bispora with different concentration a) and
b) centrifugation of 3x1.5 ml and ¢) and d) centrifugation of 1.5 ml

what higher contrast of the images — probably due
to the fact that the “denser” surface allows a more
uniform coverage of the gold layer and thus better
conductance. The lower concentration of the sam-
ple, as for E. coli, gives better individual resolution
and is able to discern bigger aggregates.

In order to estimate the use of the protocol in
relatively unfriendly conditions Thermobispora bis-
pora was grown in the presence of TiO, nanoparti-
cles (Fig. 4). The TiO, particle cannot dissolve in

the used water and thus bigger aggregates of them
will be present after the centrifugation. Figure 4a
shows that the TiO, particles are positioned “on top”
of the bacteria. Of course this observation can be an
artifact due to the employed centrifugation or to the
pipetting or spreading of the samples. Nevertheless
the bacterial network is clearly visible (Fig. 4b).
Finally the protocol has been used for DNA ob-
servation (Fig. 5). The DNA backbone features a
negative charge and thus cations (Na, K, Zn, Cu etc.)
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a

15k X1,000 10pm o 12 34 SEI

13 49 SEI

2um

X8,000

15kV  X100,000 0.1pm 1213 SEI

Fig. 5. SEM images of a) NaCl, MgCl, salts and b) genomic DNA

are needed to balance its charge. Thus the elimi-
nation of salts is more difficult than in the case of
uncharged samples. Although the elution of DNA
yields sufficient quantities for molecular biology
work its concentration is typically ng/mL to pg/
mL and thus very limited. More over DNA tends to
compact tightly and thus its primary aggregate size
is smaller — usually below 1 pm. Thus the routine
SEM observations of DNA are more difficult than
bacterial ones. As one can see from Fig. 5 the pres-
ence of salt is easily observable while the imaging
of the DNA and its contrast are not as good as for
the bigger biological samples.

CONCLUSIONS

We have adapted a rapid preparative procedure
for preparing biological samples for SEM visualiza-
tion. The processing is relatively rapid and may be
performed for one day. The SEM visualization and
data quality allows sufficient detail for samples that
are bigger than 1 um while for smaller size a contrast
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enhancement is suited. Compared to classical proce-
dures the developed one is cost and time effective with
minimal loss of data quality (mainly contrast lost).
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BBP3A U OITPOCTEHA ITPEITAPATHBHA ITPOLUEAYPA HA BUOJIOTUYHU
ITPOBU, [TIO3BOJIABAILIA ITOCJIEABAILIA BU3YAJIN3ALIMA YPE3 CKAHUPAIIIA
EJIEKTPOHHA MUKPOCKOITNA

W. Tupoesa!, C. AtanacoBa-Brnagumuposa', JI. T. Tumosa?, X. . COupkoBaZ,
I'. Pagocnasos?®, I1. Xpucros®, b. JI. llluBaues?
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ya. ,,Akad. I'eopeu bonues ™, 61. 25, 1113 Cogpus, Boacapus

Tocremmna despyapu, 2013 r.; npuera maii, 2013 r.
(Pesrome)

Hacrosmusat npoTokosn onuca Obp3a mpenapaTHBHA METOAWKA 3a Onoyornunu mpodu, kato JJHK u Oaxre-
puH, TO3BOJISIBAIA TIOCIIE/IBAIIA BU3YAIN3alMs Ype3 CKaHupaia enekrponHa Mukpockomnus (CEM). Tosa Britousa
3aKperBaHeTo Ha NMPOOUTE BHPXY arapo3Ha MOJI0XKKA, TOCIEIBAHO OT JEXUApaTalus Ha OMOJIOTMYHHUTE 00pa3nu
W HaHacsHE Ha THHKO MPOBOJMMO MOKPHUTHE 332 HAOJIOZECHUE 4pe3 elIeKTpoHHa MUKpockonus. OOGe3BoHsBaHE Ha
npoOuTe rapaHTHpa, 4e Te HsIMa Jia JIeCTPyKTHpaT BbB BakyyMHara kamepa Ha CEM. HanacsiHeTo Ha TBHBK CIIOH
JOIBIHATEIHO (DPUKCHpa MpoOHTEe M 1Mo100psiBa KOHTpacTa. [IporechT Ha MPOOOIOATOTOBKA e M3BBPIIBA OT 6 10
24 gaca ¥ e oNTHMHU3MpaH 3a Bu3yanuzauus Ha 6akrepun u JJHK. [Ipobute mMoraT na ce chXpaHsBaT BB BaKyyM B
NPOJB/DKEHNE Ha CeIMHUIIA, KOETO J1aBa AOCTaThYHO Bpeme 3a rnosrydaBaHe Ha CEM mzo0pakenus. I[IpoTokonsT He
BKJIIOYBA TOKCUYHH, KAHIIEPOTCHHU WU JIPYTU BPEJHU XUMUKAIU U PEaKTHBH.
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In the recent years many types of biosensors have been developed and used in a wide variety of analytical settings
with applications in biomedicine, health care, drug design, environmental monitoring, and detection of biological,

chemical and toxic agents.

Tailored surface properties such as tunable reactivity, biocompatibility or wettability could be obtained by differ-
ent approaches of surface modification, so that the design of biofunctional surface is of great interest in bioanalysis

research.

A good combination of support material and immobilization methods is of fundamental importance to achieve the

desired performances from the sensing system.

The aim of this research is immobilization of tyrosinase onto silica hybrid membranes based on ethyltrimethoxy
silane (ETMS) and methylthrietoxy silane MTES and cellulose derivatives. Tyrosinase was covalently immobilized
by acrylamide/acrylonitrile copolymer included on hybrid membranes. pH and temperature optimum were determined
for immobilized tyrosinase preparations as well as for the free enzyme.

Key words: hybrid membranes, enzymes, optical biosensors.

INTRODUCTION

Organic/inorganic hybrid materials prepared by
the sol-gel approach have rapidly become a fasci-
nating new field of research in materials science.

Organic molecules other than the solvent can be
added to the sol and become physically entrapped
in the cavities of the formed network upon gelation
where the molecules have to endure the pH of the
environment [1]. Most sol—gel bioencapsulates re-
ported to date have used inorganic materials or car-
bon composite derived from either ethyltrimethoxy
silane (ETMS) or methylthrietoxy silane (MTES)
[2, 3]. The use of some organic molecules in the
gel formation process that may influence the di-
mensions of the forming pores represents another
way to increase the immobilized enzyme activity.
Within such meso-or macroporous silica gels, sub-
strate molecules diffusion is easier, explaining the
increase of the enzymatic activity [4].

Porosity is a feature that allows analyte mole-
cules to diffuse into the matrix and react with the

* To whom all correspondence should be sent:
E-mail: lkyotova@yahoo.com
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enzymes or another biomolecules. As it was men-
tioned, many different molecules can be incorporat-
ed into the sol-gel matrix. Surface characteristics as
well as uniformity in monoliths/thin films are one of
the desirable criteria for sensing applications [5—6].

During the drying phase, some of the larger
pores are emptied while smaller pores remained wet
by the solvent, creating large internal pressure gra-
dients. This stress causes cracks in large monoliths
and is responsible for fractures in dry monolithic
sensors upon immersion in water. Further addition
of polymers as poly dimethil siloxane, polyamides,
polyacrilates and polyethylene glycol (PEG) pro-
vide regulation of inorganic condensation-polymer-
ization process and is also under investigation for
improving sol-gel material. Polyethers were also
used in sol-gel processing mixtures to control pore
size distribution [7].

Phenols due to their toxicity, persistence and
common occurrence in the biosphere are one of the
most important groups of ecotoxins. These com-
pounds are in a common use such as ingredients
(components) and precursors of other chemicals
including organic polymers, solvents, dyes (ami-
nophenols), explosives (nitrophenols), surfactants
(alkylphenols) or drugs [8].

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Photometric analyses by standard methods are
commonly used for determination of phenols, and
these analyses usually require sample pretreatment
by filtration and distillation. Recently, tyrosinase
based biosensors have been shown to be useful for
this purpose. Easy fabrication, fast analysis, and
low-cost are the main advantages of the biosensor
method [9, 10].

The optical sensing techniques, in comparison
with electrical methods, have some advantages,
such as selectivity. They are also sensitive, inexpen-
sive, non-destructive, and have wide capabilities.
The idea behind these sensors is based on chang-
es of optical parameters of sensing molecules en-
trapped usually in thin films. Optical fibers used in
optical sensors to transmit the light in and out of the
detection area assure such advantages as flexibil-
ity, directionality, low signal losses, low costs, etc.
Since then, this technology is widely applied among
others for immobilization of active molecules onto
the tip of an optical fiber to fabricate a point sen-
sor [11]. The most popular chemical immobilization
utilized for the preparation of enzyme-based optical
fiber sensors is the covalent coupling of enzymes to
polymeric support [12].

This technique offers the most stable immobi-
lized enzyme preparation by which the immobili-
zation process is not easily reversed by pH, ionic
strength, temperature, or solvent variations [13].
The main advantages of the biosensors over other
kinds of sensors are their specificity of response and
in some cases, their ability to work in very dirty en-
vironments [14].

Tyrosinase (EC 1.14.18.1, monophenol mo-
nooxygenase) is an enzyme which catalyzes the
incorporation of molecular oxygen into phenolic
compounds. Tyrosinase active site contains a cou-
pled binuclear copper complex (type 3 copper).
Recently, the mechanism of catalytic function of
tyrosinase has been proposed and actively investi-
gated. [15-17].

One of the key issues to develop biosensing plat-
forms concerns the processes involved in enzyme
immobilization on surfaces. The understanding of
their fundamentals is crucial to obtain stable and
catalytically active protein layers for developing
successful biosensing devices [18, 19].

EXPERIMENTS AND EQUIPMENT
Reagents

Tyrosinase isolated from mushrooms, (E.C.1.14.
18.1) was supplied by Sigma-Aldrich; L-DOPA
(L-3,4-dihydroxyphenylalanine) by Fluka; ethyl-
trimethoxy silane (ETMS) and methylthrietoxy

silane (MTES) by Merck; cellulose acetate propi-
onate with high and low molecule weight (CAP/H
(~25 000 m.w.) (CAP/L (~15 000 m.w., respec-
tively) by Sigma-Aldrich, copolymer from acry-
lamide and acrylonitrile (AA) were provided by
the Biotechnology Department of UCTM, Sofia,
Bulgaria [20], dimethyl formamide (DMF) by Merck.

Synthesis of hybrid membranes by the sol-gel
method and visualization of the sufraces

Groups of hybrid materials were synthesised by
the sol-gel method with the participation of silica
precursors ETMS and MTES. Cellulose acetate
propionate with high molecule weight CAP/H and
CAP/L were used as an organic component of the
system. A third component was included in the sys-
tem as a carrier of active groups for covalent im-
mobilization, namely copolymer of acrylamide/
acrylonitrile (AA). The precursors were hydrolysed
in methyl alcohol for ETMS and ethyl alcohol for
and MTES. Dimethylformamide was used as a sol-
vent of the organic component. Hybrid membranes
contained 5 ml ETMS (MTES), 3 g cellulose ac-
etate propionate with high (low) molecular weight
and 100 mg copolymer from poly-acrylamide and
poly-acrylonitrile. The quantities and components
for the synthesis and the conditions are described in
a previous paper [21].

For visualization of membranes surfaces a mi-
croscope “Carlzeiss”, Jena, Jenatech Inspection,
monochromatic light source “Infinity 22” with CCD
camera — “Lumenera”, Canada was used.

Oxidation method for tyrosinase
and covalent immobilization

Oxidation of the carbohydrate residues of ty-
rosinase was done with periodic acid according
to Zaborsky and Ogletree’s method (0.04 mM in
0.05 mM acetate buffer, pH 5.0, in the dark) [28].
The oxidized enzyme was dialysed in a dialysis
membrane from Serva, Germany by submerging in
a 50 mM phosphate buffer with pH = 6.0 for 24 h.
The immobilization of tyrosinase was carried out in
the following sequence: 1.0 g of the hybrid mem-
branes was added to 20 mL of the oxidized dialysed
solution of tyrosinase. Immobilization was done un-
der continuous stirring for 24 h at 4 °C.

Spectrophotometrically measurement
of enzymatic activity and determination
content of protein

Diphenolase activity was determined spectro-
photometrically with 10 mM substrate L-DOPA as
a substrate, at 25 °C, using spectrophotometer with
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optical fibers (AvaSpec, Avantes, USA). The diphe-
nolase activity does not show any lag period. The
dopachrome assay was performed. The increase
in absorption at 475 nm, due to the formation of
dopachrome (¢ 475 = 3 600 M 'cm™), was moni-
tored as a function of time. The activity is expressed
as mole of L-DOPA oxidized per minute.

The total content of protein in the immobilized
enzyme was determined by the Lowry [23] modified
method using bovine serum albumin as a standard.

PpH and temperature optimum

For determination of the pH optimum for tyrosi-
nase, the residual activities of free and immobilized
enzymes were determined in the sodium phosphate
buffer with pH range from 5.0 to 8.0. To determine
the temperature optimum for tyrosinase, the residu-
al activities of free and immobilized enzyme were
determined in the range from 20 °C to 50 °C.

RESULTS AND DISCUSSION

Groups of hybrid membranes were synthesised
using different silica precursors. All membranes
are mechanically resistant plastic and transparent,

which is a necessary condition for the experiment.
In such hybrid materials is possible to expect very
interesting characteristics that are not found in or-
ganic polymer or inorganic material independently.
For example, they can have features such as plastics
flexibility and have excellent mechanical strength
and thermal stability in the same time [24]. On the
surface of the membranes different size aggregates
(from 20 to 100 um) are observed. For visualiza-
tion of the surface series of images were made by
microscope at different magnification. On Figure 1
images of the membranes surfaces are presented.

A comparison of the catalytic properties of im-
mobilized enzymes on hybrid membranes contain-
ing ETMS and MTES CAP/L or CAP/H was made.
In the table below catalytic properties of free tyrosi-
nase and tyrosinase immobilized onto matrices are
presented (Table 1).

The covalent binding of the enzyme to copoly-
mer of acrylamide/acrylonitrile is effected between
the amide groups of the copolymer and the oxidized
carbohydrate residues of the enzyme. This method
was applied in previous research as well. The ad-
vantage of the method is that immobilization does
not change the conformation of the enzyme mol-
ecule and binding always takes place outside the ac-
tive centres [20].

Fig. 1. Optical microscopy image of the surface on ETMS — left and MTES — right side at
magnification x50, light field

Table 1. Catalytic properties of free and immobilized tyrosinase

Amount of bound . .. . .. Temperature
Membrane protein Sp em{f};: activity Relathg:/acthlty pH optimum opgmum
[mg/g] [ mg] [ 0] [oc]
Free tyrosinase - 421 - 6.0 30
ETMS/CAP/H/AA 1.82 322 76.48 6.5 35
MTES/CAP/H/AA 2.34 312 74.10 5.5 35
ETMS/ CAP/L/AA 1.91 317 75.29 7.5 35
MTES/CAP/ L/AA 2.06 306 72.68 7.0 30
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The results for specific activity of immobilized
membranes are identical with results described in
our previous work with substrate L-tyrosine [25].
For L-DOPA substrate tyrosinase immobilized
onto hybrid membranes shows higher parameters
of relative activity. Researchers have demonstrat-
ed that the silica sol-gel materials can retain the
catalytic activities of enzymes to a large extent.
The inorganic silica sol-gel material is biocom-
patible, has high thermal stability, chemical in-
ertness and negligible swelling in non-aqueous
solutions [26].

One of the most important parameters to be con-
sidered in enzyme immobilization is storage stabil-
ity. The stabilities of the free and immobilized ty-
rosinase were determined after stored in phosphate
buffer solution (50 mM, pH 6.5) at 4 °C for a pre-
determined period. Under the same storage condi-
tions, the activities of the immobilized tyrosinase
preparations decreased slower than that of the free
tyrosinase. The free enzyme lost all of its activity
within 4 weeks. The immobilized tyrosinase pre-
served its initial activity during several months stor-
age period [27], which corresponds with the data
reported by other authors [28]. On the figure below
stored stability of immobilized tyrosinase activity
are presented (Fig. 2).

The enzyme activities were seriously affected by
the buffer solution pH value [29], so the effect of
the pH value of buffer solution was investigated in
the range from 5.0 to 8.0.

On the figure below pH profile of free tyrosi-
nase and immobilized onto hybrid matrices are pre-
sented (Fig. 3).

The change in optimum pH depends on the charge
of the enzyme and/or of the matrix. This change is

50 I\ °
40 ]
\.
30 \
I\
207 — B — free tyrosinase L]
10 4 — ® — ETMS/CAP/H/AA/tyrosinase \.
— ¥ — MTES/CAP/H/AA/tyrosinase
0 T T T T T T T T
0 10 20 30 40 50 60 70 80 90

Time (Days)

Fig. 2. Stored stability of immobilized tyrosinase activity

useful in understanding the structure-function re-
lationship of the enzyme and helps the activity of
free and immobilized enzyme as a function of pH.
As seen in Fig. 2, the optimum pH for free enzyme
was found to be 6.5. In the case of MTES/CAP/H/
AA immobilized tyrosinase the optimum pH shifted
by 1.0 unit toward the acidic region. The results are
the same that reported from Yahsi and co-authors.
These shifts could be attributed to secondary inter-
action such as ionic and polar interactions, hydro-
gen bonding, etc. between the enzyme and the hy-
brid membrane [30].

On the figure below temperature profile of free
tyrosinase and immobilized onto hybrid matrices
are presented (Fig. 4).

" / K’\
K % \
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20 4 — @ — ETMS/CAP/H/AA/tyrosinase
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Fig. 3. Residual activity of free and immobilized tyrosi-
nase as a function of pH

100 o

W
NN
y

Residual activity, %
3
1

o] N,

— B — free tyrosinase T~ n
304 — ®— ETMS/CAP/H/AA/tyrosinase,
— B — MTES/CAP/H/AAltyrosinase|
20 —
15 20 25 30 35 40 45 50 55

Temperature °C

Fig. 4. Residual activity of free and immobilized tyrosi-
nase as a function of temperature
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Maximum enzymatic activity was obtained at
35 °C for immobilized enzymes. The optimal reac-
tion temperature was higher than that of the com-
mercial enzymes in its free form or when immobi-
lized on other supports [31, 32], which illustrates
a substantial degree of enzyme stabilization [33].
The stability of the obtained preparation demon-
strates the advantages of immobilization onto hy-
brid membranes.

CONCLUSION

In order to construct an optical biosensor, mem-
branes were synthesised with participation of dif-
ferent silica precursors and covalent immobilization
was performed. The analysis of the enzymes immo-
bilized on the different membranes showed change
in pH optimums for ETMS/CAP/H/AA pH=6.5
and MTES/CAP/H/AA, pH=5.5 and the tempera-
ture optimums t = 35 °C for the same membranes
compared to the characteristics of the free enzymes.
The present research showed that the best mem-
branes with the highest relative activity is (ETMS/
CAP/H/AA — 76.48%) for L-DOPA substrate. The
efficiency of immobilization depends on the type
of the silica precursors and cellulose derivatives,
when the other conditions are identical. The con-
structed optical biosensor based on covalent immo-
bilized enzyme demonstrated excellent operational
parameters. This membranes can be potentially ap-
plied for biosensors design for analyses in organic
solvents, analysis of food and in monitoring of the
environment.

Acknowledgments: This study was supported by
“National Found Scientific Research”, project
DUNK 01/03, 2010.
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XUBPUJIHN MATEPUAJIM HA OCHOBATA HA CUJIMIMEB JJUOKCHU/
KATO BMOCBBMECTHUMMU ITOKPUTH A TP BUOCEH30PU
3A KCEHOBMOTHUIIN

JI. Motosa*, C. SIneBa

Kameodpa Buomexnonozus, Xumuxomexuonozcuuern u Memanypeuuen Ynueepcumem,
oya. ,,Kn. Oxpuocku* 8, 1756 Coghus, bvreapusa

Toctpnmna pespyapu, 2013 r.; mpueta maii, 2013 1.
(Pesrome)

[pe3 mocneqHuTe rOAWHM ca pa3pabOTEHN MHOTO BHIOBE OHMOCEH30pPH C IPHIOKECHUS B MEJHIMHATA, KOHTPOI
Ha 3JIpaBeTo, IIPH CH3aBAHETO HA HOBH JICKAPCTBA, 32 EKOJIOTHYECH MOHUTOPHHT, 38 PETHCTPUPaHe Ha OHOJIOTHYHH,
XMMHYHU U TOKCHYHU areHTU U JIPYTH.

AnantupaHeTo Ha MOBBPXHOCTTA Ha HOCUTEIS, 3 JIa ce Mo00pH HeroBaTa peakImoHHA CIIOCOOHOCT, OMOCHBMeEC-
THMOCT M OMOKPSIEMOCT, MOJKE [1a C€ TIOCTHI'HE Ype3 Pa3IMYHI METo M 3a Moauunupane. Taka ce ch3naBa OHO(yHK-
[IOHAJTHA TOBBPXHOCT, KOETO € 00EKT Ha U3CIe0BaTeNCKU HHTepec. V300pbT Ha HOCUTEIN M METO[ 38 HMOOHIIH3a-
YIS ca OT OCHOBHO 3HAYEHHE 34 IIOCTHI'aHe Ha jkeJlaHaTa e()eKTUBHOCT Ha CEH30pHATA CHCTEMA.

Lenta Ha TOBa H3ciIeBaHE € MMOOMIIM3AL HAa TUPO3UHA3A BEPXY XUOPUIHE MEeMOpaHH Ha OCHOBATa Ha €THII-
tpumetokcu cmwiad (ETMS) u metuntpumerokcu cunad (MTES) u nemyno3an npomsBogan. Tupo3uHazata 6¢ KoBa-
JICHTHO NMOOMIIM3HPAaHa ¢ HIOMOIITA Ha CHIIOINMEp Ha aKpHIIaMHY/aKPHIOHUTPHIL, BKITIOYCH B XHOPUIHNSA MaTepHaIl.
bsixa onpenenenn pH U TeMepaTypHHAT ONITUMYM Ha CBOOOIHUS M UMOOHIIM3UPAH CH3UM.
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Crystal structures of Cs*, Mg**, Ba?" ion exchanged ETS-4 at RT and 150 K
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Ion exchanged ETS-4 samples by Cs*, Mg, and Ba** cations were analyzed by single crystal X-ray diffraction at
150 K. Structural data obtained from low temperature (LT) experiment are compared with the room temperature (RT)
ones obtained from the same samples. The study shows that the low temperature conditions ensure precise determina-
tion of atomic positions and minimize the effects of atomic thermal vibration and positional disorder.

Key words: ETS-4, LT experiment, single crystal X-ray diffraction.

INTRODUCTION

ETS-4 (Engelhard titanium silicate — 4) is a
mixed tetrahedral-octahedral molecular sieve relat-
ed to the mineral zorite [1-4]. Due to its highly dis-
ordered structure various studies aiming at elucida-
tion of ETS-4 framework have been reported [5-7].
The first structural data providing evidence for the
framework similarity between Na-ETS-4 and zorite
have been published in 1996 [5]. Later reports de-
scribed ETS-4 as an intergrowth of four hypothetical
polymorphs which differ in the arrangement of part
of'the titano-silicate units [6]. The ETS-4 framework
exhibits orthorhombic Cmmm symmetry and each
of the Ti and Si atoms has two symmetrically inde-
pendent positions. The Til atom is six coordinated
and takes part in —O—Ti—O- chains running parallel
to [010]. In the [001] direction the chains are inter-
connected by Sil tetrahedra to build layers parallel
to (100). The layers are identical for all of the hypo-
thetical polymorphs. The latter differ in the arrange-
ment of the titano-silicate bridging units formed by
Ti2 and Si2 polyhedra. The position of the Ti2 atom
with respect to the mirror plane perpendicular to ¢
axis is supposed to predetermine its coordination
environment and has been of significant interest
for most of the authors. In earlier structural studies
based on powder diffraction data six-coordination
environment was suggested for this atom as it was
positioned exactly on the mirror plane. The coor-

* To whom all correspondence should be sent:
E-mail: louiza.dimova@gmail.com
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dination octahedron is built of four oxygen atoms
from four Si20, tetrahedra and two oxygens (usually
marked as O7) symmetrically related to each other
with respect to the mirror plane where the Ti2 atom
is positioned. [5—6]. Single crystal X-ray diffraction
analysis of Na-ETS-4 and Sr-exchanged ETS-4 in-
dicated that the Ti2 atom in the studied samples is
situated close to but not on the mirror plane and as
a consequence the Ti2 octahedron suffers some dis-
tortion expressed in terms of the Ti2—O7 distances
(1.70 vs. 2.23 A). The performed refinement of the
Ti2 and O7 atoms occupancy gave evidence that
Ti2 atom in the studied samples is five-coordinated
[7]. However, interpretation of the Ti2 coordination
is rather controversial because the low occupancy
of the O7 ligand position in it can be due to vari-
ous reasons e.g. structural defects etc. Recently the
crystal structures of Cs*, Mg?*, and Ba?* exchanged
forms of as-synthesized Na-K-ETS-4 have been
reported [8]. The performed single crystal analy-
ses confirmed that Ti2 in the initial Na-K-ETS-4 is
situated outside the mirror plane. It was also found
that the incorporation of Cs*and Mg?* ions do not
provoke significant distortion of the ETS-4 frame-
work, but the Ti2 atom is shifted closer to the mirror
plane. In contrast, Ba?" inclusion in the pore system
of ETS-4 causes substantial framework contraction,
splitting of some of the positions of the framework
atoms and shifting of the Ti2 atom to a position ly-
ing exactly on the mirror plane perpendicular to the
c axis. It has been suggested that the coordination of
the Ti2 atom remains the same in the Na-K-ETS-4
and its exchanged forms. This puts the question to
what extent the position of the Ti2 atom with re-
spect to the mirror plane, defines its coordination.

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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The present study aims at structural investiga-
tion of the same Cs*, Mg*", Ba*" exchanged ETS-4
samples performed at low temperature in order to
minimize the effects of atomic thermal vibration
and positional disorder. The elastic behavior of the
unit cell and the positions of the framework and
extra-framework cations from room temperature
(RT) and low temperature (LT) experiments are
compared. The framework distortion, position and
coordination of the Ti2 atom are also discussed.

EXPERIMENTAL

Single-crystal X-ray diffraction data have been
collected at low temperature conditions using the
same single crystal samples of Cs*, Mg*" , Ba?" ex-
changed ETS-4 for which RT experimental data
have been published in [8]. LT (150 K) data col-
lection was performed by w-scan technique, on an
Agilent Diffraction SuperNova Dual four-circle dif-
fractometer equipped with Atlas CCD detector us-
ing mirror-monochromatized MoKa radiation from
micro-focus source (A = 0.7107 A). During the low
temperature data collection the samples were kept

at 150 K with an Oxford Instruments Cobra control-
ler device and a nitrogen atmosphere. The determi-
nation of cell parameters, data integration, scaling
and absorption corrections were carried out using
the CrysAlis Pro program package [9]. The struc-
tures were solved by direct methods (SHELXS-97)
[10] and refined by full-matrix least-square pro-
cedures on F? (SHELXL-97) [10]. Further details
of the crystal structure investigation may be ob-
tained from Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax:
(+49)7247 808 666; e-mail: crysdata@fiz-karlsruhe.
de, http://www.fizkarlsruhe.de/ request_for depos-
ited_data.html on quoting the CSD-425730,425731.
The crystal data obtined by the low temperature ex-
periment and the structure refinement indicators for
the studied compounds are presented in Table 1.

RESULTS AND DISCUSSION

Chemical composition of the studied Cs- Mg-
Ba-ETS-4 samples obtained after the data refine-
ment for RT and LT experiments are presented in
Table 2. The discrepancies in the calculated chemi-

Table 1. LT crystal data and structure refinement indicators for Cs- Mg- Ba-ETS-4

Sample Cs-ETS-4 Mg-ETS-4 Ba-ETS-4
Space group Cmmm Cmmm Cmmm
a(A) 23.123(2) 23.198(4) 22.939(3)
b (A) 7.213(4) 7.177(2) 7.169(3)
c(A) 6.930(3) 6.948(2) 6.721(2)
V (A% 1156.9(2) 1157.0(1) 1105.5(5)
Z 1 1 1

D [Mgm™] 273.5 2.123 2.824

p [mm]! 4.42 1.54 5.16

T T 0.261 -1 0.916-1 none
measured reflections 2196 2212 2067
independent reflections 723 728 695
parameters 85 75 83
reflections with 7> 2o(/) 381 479 490
0,0 2.9°-28.3° 2.9°-28.3° 3.0°-28.2°
Fooo 648 728 874

T (K) 150(2) 150(2) 150(2)
R[F?>20(F?)] 0.113 0.077 0.083
wR(F?) 0.332 0.212 0.222

R, 0.186 0.088 0.086

S 1.105 1.08 1.04

Table 2. Chemical composition of Cs-, Mg-, Ba-ETS-4 calculated after the structure refinement

Compound  RT — structural data LT - structural data

Cs-ETS-4 K, 1sNa, 5Cs, o H, 51, Ti;05(OH) x 7.12 H,0 Ko s6Na, 1,Cs5 96H; 0651, Ti;05(OH) x 7.36 H,O
Mg-ETS-4 K, sMg, 4H; 451, Ti;05(OH) x 7.92 H,0 K, 5 Mg, 5, H; 5S1,,Ti;O5(OH) x 8.24 H,O
Ba-ETS-4 Ba,,; H, ;,Si,,Ti;05(OH) x 4.52 H,0 Ba,, H, Si,Ti;O,(OH) x 4.6 H,O
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cal compositions for the RT and LT data are most
probably due to statistical reasons of the experimen-
tal conditions used. It is also notable that there is no
partial dehydration of the samples with N2 gas flow
— an effect observed by other authors performed LT
experiments of water containing porous materials
[11,12].

A model obtained by superposition of the four hy-
pothetical polymorphs models of the ETS-4 frame-
work (see Introduction) is presented in Figure 1.
The complex pore system of the presented frame-
work includes three different kinds of channels. The
six-membered-ring channel, where smaller ions as
Na* and Mg*" reside, is marked with A1. This chan-
nel is formed within the titano-silicate layer formed
by TilO, and SilO, polyhedra. The A2 channel is
the one formed between the layer and the titanosili-
cate bridging units built by Ti2O, and Si20, poly-
hedra. The channel consists of seven-membered
rings and is occupied by bigger cations. In the stud-
ied samples K, Ba?* or Cs" ions are situated there.
The eight-membered ring made by four SilO, and
four Si20, tetrahedra is marked as A3. It has been
found that water molecules and Cs* ions reside in
the channels formed by the eight-membered rings
and running parallel to [010]. It should be noted that
the accessibility of A2 and A3 channels depends on

the orientation of the titano-silicate bridging units
formed by the Ti20, and Si20, polyhedra.

Unit cell behavior at LT conditions

The unit cell parameters variation of the studied
samples as a function of the cation exchange and
low temperature conditions are shown in Figure 2.
The elastic behavior of ETS-4 structure is studied
by comparing the unit cell parameters in the fol-
lowing order: Na-K-ETS-4 — ETS-4 exchanged
samples at RT — ETS-4 exchanged samples at LT.
The ion exchange by Cs" and Mg?" do not cause
significant changes of the ETS-4 unit cell volume.
The unit cell parameters of the initial Na-K-ETS-4
and the exchanged samples at RT are almost the
same. Interestingly the unit cell volume of ETS-4
decrease by 60 A® after the ion exchange of Na-K-
ETS-4 by Ba?". This notable contraction observed
at RT measurements is most probably due to the
higher ionic potential of barium ion. The low tem-
perature conditions affect differently the structural
parameters of the ion exchanged samples. In the
Ba-ETS-4 the compression capability of the ETS-4
structure is realized after the ion exchange and no
additional contraction is possible with temperature
lowering (Fig. 2). However a structural adjustment
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Fig. 1. Superposition model of the ETS-4
framework. The six, seven and eight —
membered-ring channels are marked by
letters as A1, A2 and A3 respectively. The
TilO4 and Si10O, polyhedra, building the
layers are dark grey colored. The Ti20;
and Si20, bridging units are marked by
light grey color
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Fig. 2. Unit cell parameters of K-Na-ETS-4 and exchanged forms at RT and LT

to the LT conditions is realized by altering of the
deformation directions. This process is expressed
by slight increase of the ¢ parameter compensated
by decreasing of @ and b parameters thus the cell
volume remains the same. Although a lowering of
the Cs-and Mg-ETS-4 volumes at LT conditions is
observed these structures remain less compressed
than that one of the Ba- ETS-4 one (Fig. 2).

Framework atoms position at LT conditions

The framework topology of the studied com-
pounds remains stable but some of the fractional
coordinates of the framework atoms shift from
their positions found for RT experiments in order
to adapt the structure to the low temperature con-
ditions (Table 3). Thus the structures contraction
accompanied by atom positions shifts influence the
bond distances (Table 4) and angles in all the stud-
ied compounds.

In the Cs-ETS-4 sample all framework positions
remain almost unchanged most probably because all
of the channels are occupied by cations (A1l — Na',
A2 —K"and Cs* and A3 — Cs") and the coordination

bonding between the framework oxygens and the
extra-framework cations stabilize the structure. The
Mg-ETS-4 sample behaves similarly and the frame-
work atoms remain at the same positions except the
Ti2 one which shifts along the ¢ axis to a position
lying exactly on the mirror plane perpendicular to it
(Table 3.). Such a shift of the Ti2 atom from general
to a special position was reported for Ba-ETS-4 after
the ion exchange and a possible change of the Ti2
coordination from five to six was previously sug-
gested [8]. In the case of Mg-ETS-4 the shift of the
Ti2 position is most probably due to readjustment
of the framework occurring upon the LT conditions
of the experiment. In the most distorted Ba-ETS-4
framework the atomic positions of Sil, Ti2 and most
of the framework oxygen atoms remain unchanged.
In this case the framework responses to the temper-
ature lowering by a cooperative rotation of Si20,
and TilO, polyhedra. This is expressed by shift of
the Si2 and Til atoms from the special positions in
[001] direction and split of the O1 and O2 atomic
positions. In order to preserve the framework topol-
ogy and chemical stoichiometry these new positions
have been refined as half occupied.
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Table 4. Framework interatomic distances (A) for structure refinements at RT and LT

Bond length  CsETS-4 RT CsETS-4LT MgETS-4RT MgETS-4LT BaETS—-4RT BaETS—4LT
Sil-01 1.609(4) 1.605(6) 1.607(3) 1.605(3) 011 1.761(19) 011 1.725(16)
012 1.632(15) 012 1.617(12)
013 1.63(2)
Sil-02 (x2)  1.605(8) 1.588(10) 1.603(5) 1.605(5) 1.555(10) 021 1.669(15)
022 1.539(13)
Si1-03 1.644(12) 1.648(16) 1.636(7) 1.626(7) 1.589(15) 1.603(14)
Si2-03 (x2)  1.673(11) 1.652(15) 1.638(7) 1.648(7) 1.625(19) 1.84(2)
Si2-04 1.640(9) 1.631(12) 1.620(5) 1.620(5) 1.660(11) 1.728(12)
Si2-05 1.59(3) 1.54(3) 1.619(16) 1.598(15) 1.60(4) 1.63(3)
mean Si-O0  1.63(1) 1.61(1) 1.62(1) 1.617 1.62(4) 1.66(8)
Til-02 (x4)  1.952(8) 1.951(11) 1.961(5) 1.962(4) 1.949(12) 021 1.651(14)(x2)
022 1.925(15)(x2)
Til-06 (x2)  1.953(6) 1.932(7) 1.925(3) 1.924(3) 1.955(6) 1.930(5)
Ti2-05 (x4)  1.94(3) 1.97(4) 1.927(15) 1.917(15) 1.93(4) 1.91(3)
Ti2-07 (x2)  1.87(13) 1.9(2) 1.74(4) 1.97(4) 071 191(7)  1.89(2)
2.4(2) 023 1.97(4)
mean Ti-O  1.93(1) 2.03(1)? 1.88(9) 1.94(3) 1.94(6) 1.86(1)

Extra-framework cations and water molecules
positions at LT conditions

The extra-framework atoms positions remain
almost unchanged at LT conditions for all of the
studied samples. The LT structure refinements
confirm a significant reduction of the thermal vi-
bration effects of the extra-framework population,
as shown by the magnitude of the thermal displace-
ment ellipsoids at RT (290 K) and LT (150 K) in
Table 3. Only in Cs-ETS-4 the Cs1 position splits
into two ones — Cs1 and Cs3 thus allowing more
isometric displacement ellipsoids to be obtained
(Table 3).

CONCLUSIONS

The LT conditions enhance the structure con-
traction of Mg- and Cs-ETS-4, as the contraction
potential of these structures is not fully realized
during the ion exchange process. In Ba-ETS-4 the
compression ability of the structure is manifested
already upon the ion exchange procedure and the
structure response to the LT conditions acts mainly
through changing of the deformation direction. At
150 K the Cs- and Mg-ETS-4 structures remain less
compressed than that one of the Ba-ETS-4.

The LT structure refinements confirm a signifi-
cant reduction of the thermal vibration effects of the
extra-framework population.

The flexibility of the ETS-4 framework is most
pronounced for the titano-silicate bridging unit in-
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cluding the T20, and Si20, polyhedra. Both ion ex-
change and temperature lowering shift the Ti2 atom
to a position closer to or placed on the mirror plane,
giving evidence that the position of the Ti2 atom
with respect to the mirror plane does not define ex-
plicitly its coordination.
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KPUCTAJIHU CTPYKTYPU HA Cs*, Mg*, Ba* HTOHHO OBMEHEHU
OBPA3LM HA ETS-4 ITPU CTAIHA (290 K)
11 HUCKA TEMIIEPATYPA (150 K)

JI. llBeranosa'*, JI. lumosa', C. ®epnor?, P. Hukosoga'

! Unemumym no munepanoaus u kpucmanoepaus, bvieapcka akademus Ha Haykume,
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Tloctpmna pespyapu, 2013 r.; mpueta maii, 2013 1.
(Pesrome)
Oomenenu ¢ Cs*, Mg?", and Ba*" katronu o0pasuu ot tutaHo-cuinkara ETS-4 ca nscneaBanu upe3 MOHOKPHUCTA-
JIeH peHTTeHOCTPYKTYpEeH aHaimu3 npu temreparypa ot 150 K. [TomyuernTte cTpyKTypHH JaHHU ca CPaBHEHHU C TE3U
OT PEHTTCHOCTPYKTYPHHS aHAIN3 Ha ChIUTE 00pasnu npu craitHa Temmeparypa 290 K. [Torydenure pe3yiraTi mo-

TBBP)KIABAT, Y€ HUCKOTEMIIEPATYPHUTE M3CIIEIBAHNS ITO3BOJISIBAT MIPELU3HO YTOUHSIBAHE HA aTOMHHUTE MTApaMETPH U
MHUHMMH3HpaHe Ha epekTa Ha TeMIlepaTypHHUTE TPEITCHHUS U MTO3UINOHHATA HETIOAPEICHOCT Ha AaTOMHUTE.
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The biodegradation of aniline is of a great concern and has attracted many researchers’ attention. Because of its
toxic and recalcitrant nature as well as the wide application of aniline containing chemicals, aniline is considered to
be an increasing threat both to the environment and to human health.

Microbial transformation and degradation are major mechanisms to eliminate aniline from the environment. Most
of the microorganisms found in the nature, industrial and clinical environments are attached to a surface.

The aim of this study is to synthesize new hybrid biocompatible materials, to investigate the obtained matrices for

their ability to hold biofilm formation.

It was report about comparison of the formation of biofilms from model gram-negative bacteria Pseudomonas
species 1625 onto different, newly synthesized hybrid carriers. Some kinetic investigations on aniline biodegradation

applying obtained biofilms are also discussed.

Key words: biodegradation, aniline, biofilms, carrier.

INTRODUCTION

Aniline is a widely distributed environmental
pollutant resulting from the manufacture of dye ma-
terials [1] and agricultural chemicals such as herbi-
cides [2]. Because of its toxic and recalcitrant na-
ture and the wide application of aniline containing
chemicals, aniline is considered to be an increasing
threat both to the environment and to human health.
Thus, the fate of aniline in the environments is a
great concern. Microbial transformation and degra-
dation are major mechanisms to eliminate aniline
from the environment.

Most of the microorganisms found in the na-
ture, industrial and clinical environments are at-
tached to a surface. Separated cells attached to the
same surface can “communicate”, and thus form a
complex structure known as biofilm. Biofilms are
complex communities of microorganisms attached
to any surface or associated with interfaces. They

* To whom all correspondence should be sent:
E-mail: dmarinkova@yahoo.com
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could be successfully used in a process of bioreme-
diation. This is an innovation technology, which
controls the pollutants using biological systems for
degradation or biotransformation of different toxic
compounds. Taking in consideration the efficiency
of the bioremediation by means of different micro-
bial strains the aim of this study is to investigate the
creation and application of biofilms for wastewater
treatment.

The biodegradation of aniline is of a great con-
cern and has been attracted many researchers’ atten-
tion. Up to date, it is well recognized that aniline can
be efficiently removed by aerobic biological treat-
ment [3-5], and many aniline-biodegradation bac-
teria such as Pseudomonas sp. [6]. Microbial trans-
formation and degradation are major mechanisms
to eliminate aniline from the environment. Bacterial
species of Pseudomonas [7-9], Rhodococcus [10],
Frateuria [11], Moraxella [12] and Nocardia [13]
have been shown to be able of aniline and its deriva-
tives degradation.

Some recent investigations show that the isolat-
ed strain, PN1001, a member of the Pseudomonas
species is capable to do degradation of 93% and
89% of pentylamine and aniline, respectively.
Additionally, authors revealed that aniline being

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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more toxic demonstrates a more complex degrada-
tion pathway [14].

The aim of this study is to synthesize new hy-
brid biocompatible materials, to investigate the ob-
tained matrices for their ability to hold biofilm for-
mation as well as to synthesize and characterize new
three-dimensional co-networks based on pure organic
N-acryloylglycine. Additionally herein, we report
about comparison of the formation of biofilms from
model gram-negative bacteria Pseudomonas species
1625 onto different, newly synthesized hybrid carriers.
Some kinetic investigations on aniline biodegrada-
tion applying obtained biofilms are also discussed.

EXPERIMENTS AND EQUIPMENT
Reagents

2,2’-azobis(2-methyl proponitrile) (AIBN) and
glycine were provided by Acros Organics. Poly
(ethylene glycol) dimethacrylate (PEGDM 550,
Mw = 550 g/mol) N,N’-methylenebisacrylamide
(BIS), N, N-dimethylacetamide (DMAc) and acry-
loylchloride were purchased by Sigma-Aldrich. All
products were used without any further purification.
Pseudomonas species 1625 microbial strain was pur-
chased by the National collection for industrial and
cell cultures (NBIMCC) of Bulgaria. Salts for nutri-
ent medium were obtained from Merck (Germany).
Glucose and bovine serum albumin were obtained
from Fluka (Switzerland). All other chemicals were
of reagent grade or better.

Cell culture

Pseudomonas species 1625 were growth on solid
agar medium for 24 hours at 28 °C. Further colonies
were picked up and suspended in liquid nutrient me-
dium at pH 7.0 (14 g/L yeast extract; 15 g/L potassium
aspartate; 8 g/L KNO;; 0.025 g/L MnSO,; 0.060 g/L
FeCl,.6H,0; 0.025 g/L (NH,);Mo0O,,.4H,0) sup-
plemented with 10% glucose. After incubation for
24 h in bath shaker at 28 °C, pH 7.0, the cells were
suspended in the same nutrient medium containing
different concentration of aniline under the same
conditions.

Carriers for biofilm formation

The following three different polymeric ma-
trices were used for biofilm formation during the
experiments:

Ti based matrices were synthesized by incor-
poration of organic polymer (cellulose acetate bu-
tyrate (CAB)) and copolymer of polyacrylonitril
and acrylamide (Poly (AN-co-AA)) to inorganic

network according to [15]. The other two types of
polymer membranes are based on N—acryloylglycine
(NAGly) — poly (N-acryloylglycine) (PNAGly).

Preparation of NAGly

NAGIly was prepared by adapted method of
Bentolila et al. [16]. It was synthesized by a
Schotten-Baumann reaction in aqueous phase as
following: 4.50 g of glycine (60 mmol) were dis-
solved in 60 mL of 2M solution of potassium hy-
droxide. The mixture was cooled at 0°C with a wa-
ter ice bath for about 10 minutes. 6 mL of acryloyl
chloride (73.6 mmol) were added to the mixture
drop wise using a dropping funnel. At the end of the
reaction (TLC monitoring) the solution was washed
with 2x40 ml of diethyl ether and the separated aque-
ous phase was acidified to pH = 2. The aim product
was extracted with 3x40ml ethyl acetate. After dry-
ing the organic phase over MgSO,, the residue was
concentrated with a rotary evaporator.

Preparation of membrane based on PNAGly

Two different types of membranes were syn-
thesized according to the methodology described
above. The overall composition of the networks
was varied from 90 to 10 w% of each compound.
All investigated co-networks were reported as
PNAGIy/PEGDM (x/y) or PNAGIy/BIS (x/y). The
numbers between brackets (x/y) correspond to the
PNAGly and cross linker weight proportions, re-
spectively. For example, a co-network obtained
from a mixture of 450 mg of NAGly and 50 mg
PEGDM was noted PNAGIly/PEGDM (90/10).
The mixture was stirred and degassed to remove
all traces of oxygen (radical inhibitor). Finally,
25 mg of AIBN were added at the last moment
to avoid the rapid decomposition of the initiator.
The contents of the flask was taken with a pipette
and placed between two glass plates separated by
a Teflon film and held together by a clamp system
to ensure the sealing of the experimental device. The
device was placed in an oven and treated according
to the following thermal program: 2.5 h at 60 °C to
complete polymerization and then one hour at 120 °C
to achieve a post-curing. After polymerization, the
crosslinked polymer was detached from the device
and vacuum dried at 60 °C.

Formation of biofilm

The obtained matrices were placed in the cell
suspension with nutrient medium and the biofilms
were formed by cell adhesion. The binding of cells
was carried out at pH 7 and temperature 28 °C un-
der continuous stirring in bath shaker (220rpm).
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Biofilm formation was studied at 24, 48, 72, 96 and
120 h. Every 24 h the matrixes were washed up by
physiological solution and suspended in the fresh
nutrient medium.

Methods
Biochemical analyses

The absorbance of the biomass of free cells and
this produced by biofilms was measured at 590 nm
with a Perkin-Elmer Lambda 2 spectrophotom-
eter (Germany). The renovation of the biofilm was
monitored microscopically as well as by means of
the turbidity (OD-590) of the effluent. Cell growth
of suspended and immobilized cells was also deter-
mined as dry cell weight, according to the method
described by Mallette [17]. All samples were dried
till they reached a constant weight at 105 °C.

The extracellular protein content attach to the
matrixes was measured using a modified Lowry
method, [18] as described by Raunkjaer et al [19].
The exopolysaccharide content was measured using
the anthrone method modified by Raunkjaer et al.
[18] to eliminate the effect of a non anthrone-spe-
cific color development.

Gas chromatography analysis

In order to detect the biodegradation of aniline by
free cells and biofilms from Pseudomonas species
1625, samples of 1 ml were taken at a specified hour
and were submitted for testing at the Department of
Biotechnology, UCTM, Bulgaria using a Shimadzu
gas chromatograph GC-2010 with flame ionization
detector (FID) and Rtx-5 column. The following
temperature gradient was used. Starting with iso-
cratic temperature of 120 °C for 8 min and then in-
creasing to 220 °C with 10/min step. The tempera-
tures of the injector and detector were 305 °C. The
carrier gas was helium at 1.7 mL/min.

RESULTS AND DISCUSSION

Initially, we started with investigation of bio-
chemical properties of formed biofilms onto newly
synthesized hybrid membranes. The dynamic of
proteins and extracellular polysaccharides produc-
tion by biofilms were studied.

Dynamics of extracellular proteins production
from biofilms of Pseudomonas species 1625
formed onto different polymer matrices

After the culture was developed and a biomass
was accumulated, polymer carriers were added to
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the cell suspension for biofilms formation. The ki-
netic of proteins and polysaccharides produced by
biofilms formed on two different types of polymer
carriers for 120 hours was tracked and the 24th hour
was assumed as initial period for the incubation.
The quantity of proteins synthesized from biofilms
of Pseudomonas species 1625 on different types of
matrices is shown on Figure 1.

The figure shows that a larger quantity of pro-
teins is produced from biofilms formed on PNAGly/
PEGDM matrix. A gradient increase of the quan-
tity of the produced proteins was observed until the
72" hour of incubation onto two types of biofilms.
Further the protein concentration followed by a sig-
nificant rise to the 96th hour into biofilm formed
onto PNAGly/PEGDM matrix. The production
again became gradient, reaching 106.87 mg.g™ at
the 120th hour.

The concentration of proteins from biofilm
formed on a matrix PNAGIy/BIS increased propor-
tionally to the incubation time of maturing.

The figure also reveals that considering the
produced proteins, the polymer matrix based on
PNAGIy/PEGDM is a better carrier for biofilm
formation.

Dynamics of extracellular polysaccharides
production from biofilms of Pseudomonas species
1625 formed onto different polymer matrices

Kinetics of polysaccharide production from
the formed biofilms is presented on Figure 2. The
figure shows that the quantity of polysaccharides
produced from biofilms formed on a matrix of

120 4
1 —&— biofilms formed onto PNAGly/BIS

—&— biofilms formed onto PNAGly/PEGDM

110 4

100—-
90—-
80—-
704

60 —
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50 —

40 4

30

20 —

VT T T T 171
10 20 30 40 5 60 70 80

T T T T T T T 1
90 100 110 120
Incubation time, [h]

Fig. 1. Kinetic of proteins production from biofilms
formed on PNAGly/BIS and PNAGly/PEGDM matrices
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Fig. 2. Kinetics of the polysaccharides production from
biofilms formed on PNAGIy/BIS matrix and PNAGly/
PEGDM matrix

PNAGIly/PEGDM:is larger. It canbe clearly observe
that until 48 h of incubation time polysaccharides
production of biofilm formed onto PNAGIy/BIS
membrane is keeping proportional to the incuba-
tion time, after that slightly increasing. After 48 h
increasing of polysaccharides producing occurring
to both biofilms but it is more expressive to bio-
film formed onto matrix of PNAGly/PEGDM. The
peak about 40 mg.g!is at 120th hour.

Comparing the proteins and polysaccharides
production from biofilms on the two types of car-
riers we could conclude that the most appropriate
matrix for biofilm formation is PNAGly/PEGDM.

Dynamics of the model wastewater purification
process of biodegradation of aniline from biofilms
formed onto three different types of matrices

In the present study the dynamics of aniline deg-
radation from biofilms formed onto different types
of carriers was also investigated. Our study starts
with tracking of aniline degradation by free cells of
Pseudomonas species 1625. Single nutrient source
aniline in different concentrations: 0.1 mg.ml™!,
0.5 mg.ml! and 1 mg.ml! were used. Samples were
taken at every 6 h and they were monitored by gas
chromatography.

The results for dynamics of degradation are
shown on Figure 3.

Figure 3 shows that decreasing of the concen-
tration of substrate is the best using as an initial
concentration 0.5 mg.ml™" and 1 mg.ml™' of aniline.
Degradation is proportional to incubation time and
after 72 h the aniline is completely biotransformed.

1.2

—&— aniline 1 mg.mrl
—@— aniline 0.5 mg.mlf1
—A— aniline 0.1 mg.mr1

Concentration of aniline, [mg.ml‘1]
o
(9]
1

T T T T T T T T T
0 12 24 36 48 60 72 84 96

Incubation time, [h]

Fig. 3. Dynamics of the aniline degradation by free cells
of Pseudomonas species 1625

Concerning the lowest initial concentration of ani-
line it is observed a detention and slightly decreas-
ing after 60 h.

On the ground of experimental results men-
tioned above in this study it was followed biodeg-
radation of aniline by biofilms formed onto three
different types of carriers in the initial concentra-
tion of 1 mg.ml™".

On Figure 4 is presented dinamics of aniline
degradation by biofilms formed from Pseudomonas
species 1625.

1.1 9
—&— biofilms formed onto NAGly/BIS

—@— biofilms formed onto NAGly/PEGDM

—A— biofilms formed onto (AN+AA)+CAB+TBOT
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0.8 1
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Concentration of aniline [mg.ml‘1]

0.1

0.0

T T T T T T T T T

T T
0 12 24 36 48 60 72 84 96 108 120
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Fig. 4. Dynamics of the aniline degradation in initial con-

centration of 1 mg.ml™! by biofilms of Pseudomonas spe-
cies 1625 formed onto different types of carriers
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SEM HV: 30.00 kV
Vac: HiVac
SEM MAG: 2.92 kx

WD: 9.040 mm
Det: SE 20 ym
Date(m/dAy): 06/07/12

LYRA\ TESCAN
.

Performance in nanospacen

Fig. 5. SEM images of the surfaces of PNAGly/PEGDM sample without (a) and with (b) cells of Pseudomonas

species 1625

Figure 4 reveals that the application of biofilms
is preferable to free cells as it is clearly observed that
they are more capable of substrate degradation at
initial concentration of 1 mg.ml ™. In addition, it was
showed that all three biofilms do completely degra-
dation of aniline after 96 h of incubation time.

In the biofilm formed onto polymer carrier based
on (AN+AA)+CAB+TBOT the depletion of aniline
is characetrisized with a slightly detention between
24 and 60 h. For biofilms formed onto new hy-
brid polymer matricies based on PNAGly/BIS and
PNAGIy/PEGDM is observed that aniline degrada-
tion is proportional of the incubation time. From the
experimental results is shown that the aniline degra-
dation of biofilm formed onto matrix of PNAGLYy/
PEGDM is the best expressed.

20 pm

e

Fig. 6. SEM images of the biofilms formed onto surfaces
of PNAGIy/BIS
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Structure and stability of biofilms

The structure of obtained biofilms was visual-
ized by electronic microscopy. Some of the results
are shown in Figure 5 and 6.

SEM images show that Pseudomonas species
1625 cells are formed a biofilm onto both matri-
ces. But the microscopic analysis clearly presents
that the biofilm is thicker onto matrix based on
PNAGly/PEGDM.

CONCLUSION

Our study reveals that it is possible to pre-
serve the biological integrity of a living organism
(Pseudomonas species) in newly obtained matri-
ces. Additionally, the obtained results show that the
most appropriate carrier for biofilm formation from
the cells of Pseudomonas species 1625 is the matrix
based on NAGly/PEGDM. Finally our results re-
veal that the matrix obtained by PNAGly/PEGDM
is the best according to biofilm formation and ani-
line biodegradation.

Acknowledgments: This study was supported by
“National Found Scientific Research”, project
DUNK 01/03, 2010.

REFERENCES

1. U. Meyer, J (eds), Microbial degradation of xeno-
biotics and recalcitrant compounds, Academic,
London, 1981.

2. P.C.Kearney, D. D Kaufmann, Herbicides: chemis-
try, degradation and mode of action, 2nd edn, Marcel
Dekker, New York SI, 1975.



10.

11.

D. Marinkova et al.: Investigation of newly synthesized biocompatible materials as biofilm carriers

M. Takeo, T. Fujii, K. Y. Takenaka, Journal of
Fermentation and Bioengineering, 85(5), (1998).

T. Zhang, J. L. Zhang, S. J. Liu, Z. P. Liu, Journal of
Environmental Sciences, 20 (6), (2008).

C. B. Xiao, J. Ning, H. Yan, X. D. Sun, J. Y. Hu, Chi-
nese Journal of Chemical Engineering, 17, (2009).

J. G. Anson, G. Mackinnon, Applied and Environ-
mental Microbiology, 48, (1984).

C. Hinteregger, M. Loidl, F. Streichsbier, Micro-
biology Letters, 97, (1992).

R. E. Parales, T. A. Ontl, D. T. Gibson, J. Ind.
Microbiol. Biotechnol., 19, (1997).

S. I. Kim, S. H. Leem, J. S. Choi, Y. H. Chung, S.
Kim, Y. M. Park, Y. N. Lee, K. S. Ha, J. Bacteriol.,
179, (1997).

K. Aoki, K. Ohtsuka, R. Shinke, H. Nishira, Agric.
Biol. Chem., 47, (1983).

S. Murakumi, A. Takashima, J. Takemoto, S. Take-

12.

13.

14.

15.

16.

17.

18.

19.

naka, R. Shinke, K. Aoki, Gene, 1999.

J. Zeyer, A. Wasserfallen, K. N. Timmis, Appl.
Environ. Microbiol., 50, (1985).

R. Bachofer, F. Lingens, W. Schafer, FEBS Lett, 50,
(1975).

Li. Wang, S. Barrington, Jin-Woo Kim, Journal of
Environmental Management, 83, (2007).

L. Yotova, 1. Ivanov, Appl. Biochem. Biotechnol.,
87, (2000).

A. Bentolila, 1. Vlodavsky, C. Haloun, A. Domb, J.
Polym. Adv. Technol., 11, (2000).

M. Mallette, T. R. Noris, D. W. Robinsons, Methods
in Microbiology, vol. 1 ed, Academic Press, London,
New York, 1969.

O. H. Lowry, N. L. Rosenbrough, A. L Farr, R. J.
Randall, J. Biol. Chem., 193, (1951).

K. T. Raunkjer, Jacobsen Hvitved, P. H. Nielsen,
Water Res., 1994.

N3CJIIEABAHUA BbPXY HOBOCUHTE3UPAHU BUOCBEBMECTUMU
MATEPUAJIN KATO HOCUTEJIN 3A BUODPUNITIMU

JI. Mapurkosa'*, JI. Horosa', JI. Jlananes!, JI. Croiikos!, XK. Punmkepap?,
M. Muren?, C. Cepdaru?, I1. I'puecmap?

! Kameopa Buomexnonozus, Xumuxomexnonozuuen u Memanypauuen Ynueepcumem,
oyn. ,,Kn. Oxpuocku* 8, 1756 Coghusi, bvreapus
2 Vuueepcumem na Cepocu ITonmoas, ENS, UMR CNRS 8029, SATIE, F-95000,

Cepoicu Ilonmoas, Iapuc, panyus

[Moctenuna ¢espyapu, 2013 r.; npuera maii, 2013 r.

(Pesrome)

buopasrpaxxaaneTo Ha aHWIMHA € TPO0JIeM OT roJISIMO 3HAUEHHE M NIPUBJINYA BHUMAHUETO HA MHOT'O M3CJIeI0Ba-
Tenu. ChAbPIKaHUETO Ha aHWIMH B OKOJIHATA Cpejia € 3aIllaxa 3a YOBEHIKOTO 3ApaBe, KOeTO Hajlara paskpuBaHe Ha
HOBM METO/IM 3a IpeuncTBane. V3cienoBarenu J0KIaABaT 3a peliia ciiydyan Ha MUKpoOHa TpaHchopMalus 3a pas-
rpak/iaHe Ha TOBA TOKCHUYHO ChearHeHHe. [IoBe4eTo OT MUKpOOPraHU3MHUTE B IPUPOIATa B IPOMHUIILIICHHU U KIIMHUY-
HU CpEe/IM ca MPUKPENIeHH KbM JaJieHa OBbPXHOCT. LlenTa Ha ToBa M3ciie[BaHe € Jla ce CHHTEe3UpaT HOBU XUOPUIHU
OMOCHBMECTHMH MaTEpPHaIY U Jia CE MPOYYH Bb3MOXKHOCTTA Ha MOJY4YECHUTE MATPHIIM KaTO HOCUTENH 3a hopMupane
Ha Ounodmimu. B HacTosI0TO MpOyYBaHe € pasriielaHo CpaBHEHUETO Ha OnoduimMu, GOpMHUPaHU BbPXY Pa3INnYHU
MaTpHIM OT KJIETKH Ha 'paM NOJIOKUTENHUTE OakTepun Pseudomonas species 1625, KakTo U Bb3MOKHOCTTA Ha OMO-
(unmuTe 1a ObJAT NPUI0KEHH B IPOLECUTE HA OMOpa3rpaXkaHe Ha aHUIIMH.
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Synthesis and characterisation studies of samarium and manganese doped ZnO-rich borophosphate material of
composition 0.5M — 71.8Zn0O — yP,0O; — (27.7 — y)B,0, where: M = Sm,O, or MnO, y = 9.7, 13.85, 18 mol% were
presented. The compositions were prepared by a typical high-temperature ceramic syntheses where ZnO, NH,H,PO,,
H.BO, and Sm,O; (or MnO) of pre-determined ratios were powdered, mixed and placed in alumina crucibles. The
synthesis was performed at 950 °C for 3 hours in a muffle furnace. Samples were quenched out of the melt to room
temperatures and after that annealed at 250 °C for 2 hours.

Samarium and manganese doped ZnO-rich zinc borophosphate compositions were investigated by powder X-ray
diffraction, differential scanning calorimetry, temperature — modulated differential scanning calorimetry, Raman
spectra analysis and photoluminescence spectroscopy. The results obtained show that the samples are predominantly
amorphous, with the presence of crystalline structure in some of them. The main crystalline phases are zinc borate
phosphate Zn,(BO,)(PO,) and zinc borate a-Zn;B,0,,. While samarium doped samples exhibit strong visible (orange
to red) immediate photoluminescence (scintillation) signal under UV light, manganese doped samples do not exhibit

visible scintillation signal.

Key words: doped zinc borophosphates, samarium, manganese, crystal structure.

INTRODUCTION

Compositions based on ZnO and P,O; are both
scientifically and technologically important ma-
terials because of their interesting characteristics.
Having in view that the addition of rare earth and
transition metal ions to such materials usually in-
duces significant changes in their optical, electrical
and magnetic behaviour, opening thus opportunities
in the finding of new applications, careful structural
investigations of compositions containing rare earth
and transition metal ions become necessary [1-5].

In this work we present synthesis and characteri-
sation studies of samarium and manganese doped
ZnO-rich borophosphate material of composition
0.5M - 71.8Zn0O - yP,0, — (27.7 — y)B,0, where:
M = Sm,0; or MnO, y = 9.7 mol%, 13.85 mol%,
18 mol%.

* To whom all correspondence should be sent:
E-mail: patron@uni-plovdiv.bg

Samarium and manganese doped ZnO-rich
borophosphate compositions were investigated by
powder X-ray diffraction, differential scanning ca-
lorimetry (DSC), temperature — modulated DSC
(TMDSC), Raman spectra analysis and photolumi-
nescence spectroscopy.

EXPERIMENTAL

Sample preparation

All samples were prepared by high-temperature
ceramic methods using ZnO, NH,H,PO,, H;BO, and
Sm,O; (or MnO) as starting materials. The reagents
were thoroughly mixed, placed in alumina crucibles
and heated at 950 °C for 3 hours in a muffle furnace.
The obtained homogeneous melts were then poured
onto a graphite plate and by manual pressing have
reached a suitable thickness (1-2 mm). Then the
samples were annealed at 250 °C for two hours.
Synthesized compositions are homogeneous, not
hygroscopic and transparent glass. They are eas-
ily reproducible. List of the samples is presented
in Table 1.
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Table 1. List of the non-doped and Sm or Mn doped zinc borophosphate samples

Composition
Sample, Ne
Zn0O, mol% B,0,, mol% P,0;, mol% Sm,0;, mol% MnO, mol%
1 72.31 9.69 18.00 - -
2 72.31 13.84 13.85 - -
3 72.31 18.00 9.69 - -
4 71.81 9.69 18.00 0.50 -
5 71.81 13.84 13.85 0.50 -
6 71.81 18.00 9.69 0.50 -
7 71.81 9.69 18.00 - 0.50
8 71.81 13.84 13.85 - 0.50
9 71.81 18.00 9.69 - 0.50

Density measurements

Density measurements were carried out accord-
ing to the Archimedes method using deionised wa-
ter of density 1 gm cm™ as an immersion liquid.

Powder X-ray diffraction analysis

Powder X-ray diffraction data were collected on
Bruker diffractometer operating with a Cu —Ka. ra-
diation source (A =1.5406 nm), in steps of 0.02° over
the range of 10-80° 28, with a time per step of 2.8 s.
The crystalline phases were identified using the pow-
der diffraction files PDF 19-1455 and PDF 86-2017
from database JCPDS — International Centre for
Diffraction Data PCPDFWIN v.2.2 (2001) [6-8].

Raman spectroscopy analysis

The Raman studies were conducted using the
1064 nm Nd:YAG laser line at a power of 700 mW
and a RAM II spectrometer (Bruker Optics) having
a resolution of 2 cm™.

Differential Scanning Calorimetric and
Temperature Modulated DSC analysis

DSC and TMDSC measurements were performed
using TA Instruments DSC Q100 and DSC 2910
with attached Fast Air Cooling System (FACS) and

Refrigerating Cooling System (RCS). The samples
(2022 mg) were placed in aluminium hermetic
pans. A heating rate of 10 K/min was used.

Photoluminescence measurements

The photoluminescence spectra were measured
by optical CCD Avantes spectrometer Avaspec
2048, operating at 25 MW in the range 250—1100 nm
at room temperature. As a light source was used
450 nm wavelength laser diode.

RESULTS AND DISCUSSION
Density measurements

The data obtained from density measurements
of the samples are presented in Table 2. There are
some variations in the density as a function of the
B,0; content. Addition of B,O, in zinc phosphate
glasses causes an increase in oxygen-packing densi-
ty that may squeeze the structure of the sample. This
may be due to the replacement of an equal amount
of low bond strength glass former P,O, with B,O,,
which has high bond strength [9]. Moreover, the
doped agents (Sm,O, or MnO) act as a glass modi-
fier, which increases the fraction of non-bridging
oxygen atoms and leads to increased porosity and
reduced density of the glass.

Table 2. Density of the non-doped and Sm or Mn doped zinc borophosphate samples

Undoped samples Samples doped with Sm Samples doped with Mn
Sample, B,O,, Density Sample, B,O,, Density Sample, B,0;,, Density
Ne mol% (p), gm cm™ Ne mol% (p), gm cm™ Ne mol% (p), gm cm™
1 9.69 2.035 4 9.69 1.861 7 9.69 1.842
13.84 2.157 5 13.84 1.887 8 13.84 1.916
3 18.00 2.023 6 18.00 1.888 9 18.00 1.961
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Powder X-ray diffraction data

The results obtained show that the samples are
predominantly amorphous, with the presence of
crystalline structure in some of them (Fig. 1). The
main crystalline phases are zinc borate phosphate
Zn,(BO,)(PO,) and zinc borate a-Zn,B,0,, (Fig. 2).
The appearance of borate and phosphate in the crys-
tallization products shows the important role of PO,
and BO, structural units in the structural network

of borophosphate glasses. It is possible to suggest
based on other authors’ studies that these borophos-
phate glasses contain B-O—P linkages within their
structural network [2, 10].

Raman spectroscopy data

Raman spectra of the glass samples are presented
in Fig. 3. They contain a vibrational band at 968 cm!
ascribed to the vibrations of isolated PO, units in the

=
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%‘ O P Ne7
172]
= v
Q "
g W Ned
= B o TR
h - Ne1
W
10 20 30 40 50 60 70 80
2 theta, degrees
a. Powder X-ray diffraction patterns for samples Ne 1, 4, 7 (B,053:P,05=1:2)
=
< 2
2
g Mo - " e N o Ne8
B W
= W " .WJ cnod J.M
w
10 20 30 40 50 60 70 80
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b. Powder X-ray diffraction patterns for samples Ne 2, 5, 8 (B,05:P,05=1:1)
=
<
"
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g
- Ne6
bt N3
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c. Powder X-ray diffraction patterns for samples Ne 3, 6, 9 (B,05:P,05=2:1)

Fig. 1. Powder X-ray diffraction patterns for synthesized samples
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Fig. 3. Raman spectra of the glass samples

structural network of borophosphate glasses at the
B,O, —rich side [2].

Differential Scanning Calorimetric and
Temperature Modulated DSC data

Figure 4 reveals typical examples of scanning
with DSC and TMDSC. Figure 5 presents the de-
pendence of the glass transition temperature ob-
tained by DSC and TMDSC versus the content of
B,0;. Increasing the content of B,O, is associated
with increased glass transition point, indicating a
higher stability of the glass.

Values of the glass transition temperature for
the same composition as measured by the heat flow
(DSC) and the specific heat (TMDSC) differ mini-

mally as shown in Fig. 5. The difference due to the
fact that these values characterize the different areas
of the same viscosity curve at Tg for the glassy ma-
terial according to previous studies [11].

Photoluminescence measurements

Representative emission spectra for synthesized
samples are illustrated in Figure 6. All of Sm-doped
samples display photoluminescence in contrast to un-
doped samples and those with manganese. Typical
photoluminescence of Sm3* ions is observed with
three emission bands corresponding to transitions:

564 nm - *G,,, — °H,,

600 nm — *G,,, — °H,,,

645 nm — ‘G, — °H,,,
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Fig. 6. Photoluminescence spectra of samples Nel, 4-6, 9 at excitation wavelength 450 nm

The band at 600 nm, which corresponds to or-
ange emission, is the most intense [12, 13].

CONCLUSIONS

Samarium and manganese doped ZnO-rich
borophosphate compositions were investigated by
powder X-ray diffraction, differential scanning ca-
lorimetry (DSC), temperature — modulated DSC,
Raman spectra analysis and photoluminescence
spectroscopy.

The results obtained show that the samples are
predominantly amorphous, with the presence of
crystalline structure in some of them. The main
crystallization phases are zinc borate phosphate
Zn,(BO,)(PO,) and zinc borate a-Zn;B,0,,.

When samarium doped samples exhibit strong
visible (orange to red) immediate photolumines-
cence (scintillation) signal under UV light, manga-
nese doped samples do not exhibit visible scintil-
lation signal in glass-ceramics materials we have
prepared (Mn doped materials need extra work to
reveal their potential).

Synthesized glassy and glass-ceramic mate-
rials are all transparent, stable, and strong to me-
chanical damage. In addition, these materials are
not hygroscopic what made them a good candi-
date for a number of sensing, optical security etc.
applications.
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N3CJIEIBAHE HA ITUHK-BOP-®OCDOATHHN KOMITIO3UILINH,
JOTUPAHU CbC CAMAPU N MAHI'AH

I'. U. ITatponosg, U. I1. Koctona, I. T. Tonuen

Kameopa Xumuuna mexnonocus, Ilnosouscku Yuueepcumem ,, [aucuii Xurenoapcxu *,
4000 I1nosous, bvaeapus

[Mocrbnuna ¢espyapu, 2013 r.; npueta maii, 2013 r.

(Pesrome)

HacTosmoTo n3cneaBane npencraBs CUHTE3 U XapakTepucTruka Ha 6oratu Ha ZnO 6opdachaTau marepuanu,

JotupaHu ¢bc Sm u Mn, cbc cbetaB 0.5M — 71.8Zn0O — yP,0, — (27.7-y)B,0;, xprero M = Sm,0; nnu MnO,
y =9.7, 13.85, 18 mol%. Komnosumnuure ca noxydeHu upe3 BUcokoTemnepaTypeH cunres or ZnO, NH,H,PO,,
H,BO, u Sm,0O, (umu MnO) B onpeaeneHo CbOTHOIEHUE, KOUTO Ca CTPUTH, CMECEHH U ITOCTABEHU B KEpaMHUCH
truren. CHHTE3BT € U3BbpIIeH mpu Temneparypa ot 950 °C 3a 3 yaca B mydenna memnt. [Ipobute ca oximaaeHu 10
cTaifHa TeMmIepaTypa u cief ToBa Temnepupanu npu 250 °C 3a 2 gaca.

Borature Ha ZnO GopdacdaTHu KOMIIO3UIIH, JOTUPAHU CbCc Sm 1 Mn, ca H3CIeBaHN Ype3 PeHTTEHOCTPYKTYPEH

aHam3, AudepeHInaiia CKaHupaa KaJopuMeTpusi, TEMIIEpAaTypHO — MOJIyJIUpaHa AudepeHiinaina CkaHupaiia Ka-
nopumerpusi, Paman criektpaieH aHaiau3 U (POTOTyMHHECIIEHTHA ClieKTpocKomnus. [loaydeHure pe3yaraTy mokaspar
MPEeUMYIIECTBEHO aMOp(HHS XapaKTep Ha NPoOKTe, C HATMYKME Ha KPUCTAIHA CTPYKTYPa B HSIKOU OT Ts1X. OCHOBHHTE
kpuctanau ¢asu ca Zn,(BO,)(PO,) n 0-ZnB,0,,. [lokato notupanure cbc Sm npodu noxkas3Bar CHIECH BUAUM (OpaH-
JKEB J10 YepBeH) (POTOTyMHUHECIICHTEH (CIIMHTIIIAIMOHEH ) CUTHAI IO YJITPaBUOJIETOBA CBETIMHA, TOTHPAHUTE ¢ Mn
npoOH He MOKa3BaT BUMM CLUHTHIIAIIMOHEH CUTHAII.
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K. Kossev*, L. Tsvetanova, L. Dimowa, R. Nikolova, B. Shivachev

! Institute of Mineralogy and Crystallography “Acad. Iv. Kostov”, Bulgarian Academy of Sciences,
Acad. G. Bonchev str., building 107, 1113 Sofia, Bulgaria

Received February, 2013; Revised May, 2013

Two magnesium chlorate hydrates, Mg(ClO,),x6(H,0) (1) and Mg(ClO,),x2(H,0) (2), have been synthesized by
slow evaporation from water and ethanol, respectively. The structures were determined by single-crystal X-ray diffrac-
tion at 150 K due to the dehydration-rehydration at room temperature leading to multiple phase transitions. Both com-
pounds crystallized in the monoclinic space group P2 /c (SG 14) with respective unit cell parameters of a = 6.3899(3),
b =6.5139(3), c = 13.8963(6)A, = 100.319(5)°, V' = 569.05(5) A%, Z=2, R=0.0210 and a = 6.3707(5), b = 5.4092(3),
c=9.8208(6) A, B =97.338(6)°, V =335.66(4) A3, Z =2, R = 0.0201. The structure solution shows an octahedral coor-
dination of the Mg?" for both compounds 1 and 2. In the case of Mg(ClO,),x6(H,0) the coordination is achieved by the
water molecules, while for Mg(ClO;),*x2(H,0) the coordination involves two water molecules and is complemented by

four oxygen atoms from the chlorate moiety.

Key words: magnesium chlorate, hydrates, single crystal.

INTRODUCTION

The coordination chemistry of magnesium is
well studied because of its role and participation
in a multitude of reactions in the living organisms.
Magnesium is an essential component of many
enzymes [1]. It binds and thus activates ATP and
participates in the process of energy transfer and
construction of nucleic acids [2]. The preferred co-
ordination number of magnesium is six [3]. In the
majority of known crystal phases involving the
participation of magnesium it favors the octahedral
coordination.

With the discovery of perchlorates C1O, on Mars
by NASA Phoenix Lander [4] the interest in study-
ing and modeling the oxidized forms of chlorine in-
creased. Between the chloride (oxidation state —1)
and perchlorate (oxidation state +7) there are three
other ions — hypochlorite CIO (oxidation state +1),
chlorite ClO, (oxidation state +3) and chlorate CI1O,
(oxidation state +5). Chlorates are of peculiar inter-
est due to their stability [5], though, their structural
and crystallographic characteristics are similar to
those of perchlorates. Alkali or alkaline earth metal

* To whom all correspondence should be sent:
E-mail: k_kossev@yahoo.com

chlorates are intensively studied, mostly sodium
and magnesium chlorates, which is reasoned by
the distribution of those elements in nature and the
low eutectic temperatures of the aqueous solutions
of Mg(ClO,),. Magnesium chlorates have different
industrial applications: in paper production; in agro
chemistry as herbicide and defoliant; in pyrotech-
nics; and as antiseptic agent [6].

The first communication about magnesium chlo-
rate hexahydrate was made by Wachter [7], who ob-
tained it in 1841 from the reaction of barium chlorate
and magnesium sulfate. Later, Meusser [8] deter-
mined the temperature at which (Mg(ClO,),).6H,0
melts in its crystallization water to be 35 °C. In
addition to the hexahydrate, magnesium chlorate
forms two other crystal hydrates with two (com-
pound 2) and four water molecules. The phase di-
agram of the system magnesium chlorate — water
was reported by Linke in 1965 [9]. The tetrahydrate
form (Mg(Cl0O,),).4H,0 is stable in the temperature
range 35-65 °C, while above that temperature the
stable form is (Mg(ClO,),).2H,0.

While the chemical and physicochemical prop-
erties of the anhydrous magnesium chlorate, as
well as its hydrate forms have been well studied,
the crystal structure(s) of none the salts were de-
termined. In this study we report the crystal struc-
tures of two of the three magnesium hydrates

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 543
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namely Mg(ClO,),x6(H,0), (compound 1) and
Mg(Cl0,),*x2(H,0) (compound 2).

MATERIALS AND METHODS

Synthesis

Magnesium chlorates were obtained via the re-
action of barium chlorate monohydrate and mag-
nesium sulfate heptahydrate [7] in equimolar ratio,
followed by recrystallization in ethanol solution.

Synthesis of compound 1

Barium chlorate monohydrate (0.322 g, 1.0 mmol)
was dissolved in 20 ml distilled water. Magnesium
sulfate heptahydrate (0.246 g, 1.0 mmol) was dis-
solved in 20 ml distilled water. The water solution
of magnesium sulfate heptahydrate was slowly add-
ed to the barium one under constant stirring. After
three hours the mixture is centrifuged for 30 min at
5000 rpm. The barium sulfate pellet was discard-
ed while the supernatant is transferred to a rotary
evaporator. The obtained magnesium chlorate was
recrystallized in 5 ml ethanol.

Colorless single crystals of magnesium chlorate
hexahydrate, Mg(ClO,),.6H,0 (compound 1), were
grown by slow evaporation from an aqueous solu-
tion at room temperature.

Synthesis of compound 2

The synthesis of compound 2 followed the same
steps as described for compound 1. Colorless sin-
gle crystals of magnesium chlorate dehydrate,
Mg(Cl0;,),.2H,0 (compound 2), were grown by
slow evaporation from absolute ethanol at room
temperature.

Single crystal X-ray diffraction study

Crystals of compounds 1 and 2 suitable for sin-
gle crystal XRD analysis were placed on a glass

@ 02
ﬂi % 03
e O1

06 CH1
& 03 05
Mg2§ >—O
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|
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fiber and mounted on an Agilent, SuperNovaDual
four-circle diffractometer equipped with Atlas CCD
detector and using mirror-monochromatized MoKa
(L=0.7107 A) radiation from a micro-focus source.
The crystals were flash frozen at 150 K in an N, gas
stream (Cobra, Oxford cryosystems) and diffraction
data were collected at this temperature by w-scan
technique. The determination of cell parameters,
data integration, scaling and absorption correction
were carried out using the CrysAlisPro program
package [10]. The structures were solved by direct
methods using ShelxS [11] and refined by full-ma-
trix least-square procedures on F”? with ShelxL-97
[11]. The hydrogen atoms were located from dif-
ference Fourier map and refined as riding on their
parent atoms, with U, (H) = 1.2U, (O).

RESULTS AND DISCUSSION

The crystal structures of the magnesium chlorate
hydrates (di-, tetra- and hexa- hydrates) have not
been reported although the synthesis of these three
magnesium chlorates has been published [12]. The
performed check (ICDD-PDF and ICSD) revealed
that similar magnesium chlorates (where the water
is replaced by another small highly polar molecule
e.g. urea) have been characterized.

The structures of some magnesium oxychlorides
have also been reported (Mg(Cl0,),.6H,0) [13] and
(Mg(Cl0O,),.6H,0) [14]). The problem with the crys-
tal structure determination of magnesium chlorates
is associated with their relative instability at ambient
temperature. Actually, the performed room temper-
ature data collection resulted in good diffraction of
the crystals for 10—15 minutes after what diffraction
disappeared almost instantly. The attempted X-ray
powder data collection was also unsuccessful. Thus
we performed single crystal data collection by flash
freezing the crystals in N, at 150 K.

An ORTEP view with 50% probability of the
molecular structures of compounds 1 and 2 and the
atom numbering scheme is shown in Figure 1. The
experimental conditions are summarized in Table 1.

Fig. 1. View of the molecular
structures of compounds 1
and 2 with atomic numbering
scheme. Displacement ellip-
soids for the non-H atoms
are drawn at the 50% proba-
bility level. The H atoms are
presented with spheres with
arbitrary radii

}J
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Table 1. Crystal data and most important refinement indicators for compounds 1 and 2

1 2
Empirical formula CLH,,MgO,, CLH,MgO,
Molecular weight 299.31 227.24

Crystal size (mm)

Crystal habit, color

Crystal system

Space group

T(K)

Radiation wavelength (E)

a (E)

b (E)

c(E)

a ()

B

7 ()

V (E%)

4

d (mg. m?)

p (mm')

diffractometer

Detector, resolution mm!
radiation source, wavelength (A)
Absorption correction
Refinement, Least-squares matrix
Reflections collected/I>2c (1)
parameters

RI (F*>20 (F?))

wR2 (all data)

GOF

Extinction correction

Ao D& A7)

0.32 x0.30 x 0.28
prism, colorless

0.23x0.21 x0.18
prism, colorless

Monoclinic Monoclinic
P2 /c P2 /c

150 150
0.71073 (Mo Ka) 0.71073 (Mo Ka)
6.3899(3) 6.3707(5)
6.5139(3) 5.4092(3)
13.8963(6) 9.8208(6)
90 90
100.319(5) 97.338(6)
90 90
569.05(5) 335.66(5)
2 2

1.747 2.248

0.67 1.06

Agilent SupernovaDual

Atlas CCD, 10.3974 pixels
Mova(Mo) X-ray source, A =0.7107
multi-scan, CrysAlisPro

Agilent SupernovaDual

Atlas CCD, 10.3974 pixels
Mova(Mo) X-ray source, A =0.7107
multi-scan, CrysAlisPro

F?, Full F?, Full
3955/1288 1388/788
94 61

0.021 0.02
0.057 0.055

1.08 0.83

none 0.049(5)
0.32/-0.45 0.23/-0.33

Table 2. Selected geometrical parameters for compounds 1 and 2 (A, °)

Bond distance

compound 1

compound 2

Cll — 02 1.4923(8) Cll —O1 1.5019 (9)

Cll — 03 1.4808(9) Cll — 03 1.4793(11)

Cll — 06 1.4843(8) Cll — 04 1.4850 (9)

Mg2 — Ol 2.0481(8) Mgl — Ol 2.1039(9)

Mg2 — 04 2.0455(8) Mg2 — 04 2.0733(10)

Mg2 — 05 2.0703(8) Mg2 — 05 2.0429(10)

Bond angle

Ol—Mg2 — 05 88.07(3)/91.93(3) 05— Mgl — 01 89.48(4)/90.52(4)"
04— Mg2 — 01 90.62(4)/89.38(4)' 05— Mgl — 04 88.96(4)/91.04(4)"
04—Mg2 — 05 90.45(4)/89.55(4)' 04—Mgl — 01 88.05(4)/91.95(4)"
03 —CIl — 02 107.25(5) 01— Cl—03 105.98(6)

03 —CIl — 06 106.62(5) 01— Cl— 04 106.48(6)

06 —CIl — 02 107.19(5) 03— Cl— 04 107.41(6)

Symmetry operations: (i) —x, —y, —z+1; (i) x, y, z—1.

Selected bond distances and bond angles are listed
in Table 2. Hydrogen bonding geometry is presented
in Table 3. The data for publication were prepared
with WinGX [15], ORTEP [16], and Mercury [17]

program packages.

As expected, the crystal structure of the hexahy-
drate consists of discrete [Mg(H,0)6]*" octahedra
and chlorate anions (Fig. 2). The [Mg(H,0)6]*" oc-
tahedra are connected via hydrogen bonds to chlo-
rate anions, where every H atom of the six water
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Table 3. Hydrogen bond for compounds 1 and 2 (A, °)

D—H-A D—H d(H+A) d(D-+-A) <(DHA)
Compound 1

O1—HIA--06! 0.801 2.084 2.879(5) 172.0
O1—HIB--03 0.804 1.957 2.763(5) 160.7
04—H4A--06' 0.804 1.951 2.739(4) 166.6
04—H4B --02f 0.809 2.038 2.845(5) 175.3
O5—HS5A 03! 0.775 2.120 2.886(5) 170.3
O5—HS5B--02" 0.822 2.087 2.901(5) 177.5
Compound 2

O5—H1--03" 0.751 2.094 2.843(5) 168.8
0O5—H2--03" 0.745 2.267 2.942(5) 151.2

Symmetry codes : (i) —x, —1/2+y, 1/2—z; (ii) —1+x, 1/2—y, 1/2+z; (iii) I—x, -y, 1-z;
v) —I+x, 12—y, 1/2+z; (v) —1+x, y, z (Vi) [—=x, -y, 2—.

molecules is in contact with a chlorate anions,
with a O...0 distances in the range of 1.95-2.15 A
(Table 3), thus arranging 10 chlorate anions around
the octahedral unit (Fig. 2). The result is the ap-
pearance of a complex three-dimensional hydro-
gen-bonding network comprising layers of chlo-
rates anions and [Mg(H,0)6]*" octahedra (Fig. 3).

In compound 2 the Mg coordination is also oc-
tahedral. However, in compound 2 a chlorate oxy-
gen participates in the Mg coordination sphere. The
magnesium atom (ion) and four chlorate ions lie in
one plane, while the water molecules are in axial

Fig. 2. Hydrogen bonding motif of Mg(ClO,),*x6(H,0)
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positions and Mg—O bonds are nearly perpendicular
to this plane (89.44(5)°). The chlorate molecule acts
as a bridge between two magnesium atoms (Mg—
0O-ClO-O-Mg) and thus produces layers that are
stacked along a. The layers are stabilized by internal
hydrogen bonds involving water molecules, O5 and
chlorate O3. The three-dimensional stabilization
of the structure is achieved by a bicyclic hydrogen
05-H...03 between the adjacent layers (Fig. 4).

CONCLUSIONS

The crystal structures of two elusive magnesium
compounds, Mg(ClO,),x6(H,0) and Mg(ClO;),x
2(H,0) were determined. They will help in the un-
derstanding of the rapid hydration processes and
multiple phase transitions associated with magne-
sium hydrates and solvates.

:-u >x} B

Fig. 3. Three-dimensional hydrogen-bond networks
comprising layers of chlorates anions and [Mg(H,0)6]*
octahedra
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Fig. 4. Three-dimensional stabilization of the structure
is achieved by a bicyclic hydrogen O5-H...O3 between
the layers

SUPPLEMENTARY MATERIALS

ICSD 425637 and 425637 contain the supplemen-
tary crystallographic data for this paper. Further de-
tails of the crystal structure investigation(s) may be
obtained from Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax:
(+49)7247-808-666; e-mail: crysdata(at)fiz-karl-
sruhe.de, http://www.fiz-karlsruhe.de/request_for
deposited data.html) on quoting the appropriate
ICSD number.
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CHUHTE3 U KPUCTAJIHA CTPYKTYPA HA MAT'HE3UEB XJIOPAT JUXUIAPAT
N MATHE3UEB XJIOPAT XEKCAXUJIPAT

K. Koces, JI. liBetanona, JI. T. JlumoBa, P. Hukonoga, b. JI. IlluBauecs

Hnemumym no Munepanoaus u kpucmanoepagus, bAH, yn. ,, Axao. I'eopeu Bonues “,
on. 107, Coghusa 1113, Pvreapus

Ioctpnmna pespyapu, 2013 r.; mpueta maii, 2013 1.
(Pesrome)

[omy4enu ca MOHOKpHCTaIHN 00pa3um Ha MarHesues xinopat Mg(ClO,),x6(H,0) (1) u Mg(Cl0,),x2(H,0) (2)
TIPH yCIIOBUATA HA 0aBHO M3MapeHne, ChoTBETHO oT Boja (1) u etanoun (2). [lopaan HUCKaTa yCTOWIMBOCT Ha KPUCTa-
JIUTE Ha CTaifHa TeMIepaTypa MOHOKPUCTATHUAT EKCIIEPUMEHT € ochlecTBeH Ha 150 K. PeHTreHOCTpYKTypHUST aHa-
T3 pa3KpHBa, Y€ JIBETE CheANHECHUS KPHCTATN3MpaT B MOHOKIMHHEATA P2 /c mpocTpaHcTBeHa rpyna (No 14) ¢ mapa-
MeTpH Ha elleMeHTapHaTa Ki1etka a = 6.3899(3), b = 6.5139(3), ¢ = 13.8963(6) A, f = 100.319(5)°, ¥ = 569.05(5) A3
ua = 6.3707(5), b = 5.4092(3), c = 9.8208(6) A, p = 97.338(6)°, V = 335.66(4) A’. PadurupaneTo Ha KpUCTaTHATA
CTPYKTypa IoKa3a, ye Mg”*" e OKTaeIpuaHO KOOpAMHHUpPaH U npu asete chenunenus. [pu Mg(ClO,),x6H,0 koopau-
HaIMATa € caMo OT BOAHM MosekyiH, nokaro nmpu Mg(ClO,),x2(H,0) koopaAHHAINOHHHUAT OKTA€ABp BKJIIOYBA JIBE
MOJIEKYJIN BOJA,  OCTAHAIUTE YSTHPH ITO3UINH CE 3aeMaT OT KHCIOPOJHHA aTOMHU Ha XJIOPaTHH HOHHU.
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For this study hourglass shaped specimens of spring steel were subjected to rotating-bending fatigue at different
stress ranges to fracture. Microstructure observations showed eutectoid (lamellar) structure and characteristics of
the lamellar microstructure were described. Deeper observations described the influence of the fatigue process on
microstructure and the crystallography — is there a crystallographic influence on the fatigue as it is seen with other
materials or not. Electron backscatter diffraction (EBSD) analyses were performed to characterize the crystallography
of the specimens at different parts of the fractured surface as well as in direction perpendicular to the fracture surface

to investigate crack path.

Key words: spring steel; microstructure, texture, EBSD.

INTRODUCTION

The materials applied for springs are extended to
metallic and nonmetallic types, in addition, among
the metals there are many types, such as, spring steel,
stainless steel, nickel alloy and so on. Their required
properties vary accordingly. However, whatever the
applications are, it is certain that a high stress dur-
ing cyclic loading and prolonged reliability should
be required. It is generally recognized that the linear
fracture mechanics allows to be defined the thresh-
old condition of fatigue crack propagation. In high
strength materials such as spring steels very small
cracks lead to fatigue fracture. It is well known that
the fatigue process can be influenced by many differ-
ent factors such as temperature, applied stress, envi-
ronment, microstructure of the material etc. most of
the measurements on pearlite structures are pointed
to morphology and formation mechanism of pearl-

ite steels and to give more insight into the problem
of the nucleation and growth process of pearlite [1,
2, 3,4, 5, 6]. Not so many researches are pointed
to determine the crystallographic orientation in the
pearlite colony [7, 8]. The aim of this study was to
investigate the influence of the crystallography on
specimens tested on specific plastic deformation.

EXPERIMENTAL

Material and specimens: The studied material
was steel wire, used for springs, with a diameter
¢ = 8 mm and tensile strength o, = 1522 MPa.
The chemical composition of the steel contains
0,819 weight % Carbon i.e. hypereutectoid steel
and is presented in Table 1. The specimens were
machined from a coiled on reel drawn steel, no
additional heat treatment was performed before

Table 1. Chemical composition of the investigated steel (weight %)

C Mn P S Si

Al Cr Ni Cu Mo N,

0.819 0.760 0.010 0.001 0.257

0.034

0.251 0.016 0.011 0.003 0.005

* To whom all correspondence should be sent:
E-mail: lyubov_nikolova@abv.bg

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Fig. 1. Geometry of the specimens (a) and the named directions of the axis (b)

testing. The geometry of the specimens is shown
on Figure 1(a). Figure 1 (b) represents the direc-
tions of the axis of the specimens i.e. DD — draw-
ing direction (longitudinal axis), RD — radial
direction (transverse axis). The specimens were
polished with silicon carbide papers (starting
with 400-grid, after 500-grid, 600-grid, 800-grid,
1000-grid, 2000-grid and 2500-grid) before test-
ing so that all surface defects to be removed.

Testing: Hourglass shaped specimens were sub-
jected to symmetric cyclic rotating-bending fatigue
at different stress ranges (R =—1, f= 11 Hz) in air
and room temperature to fracture. Tests were per-
formed on a table model Fatigue Rotating Bending
Machine, FATROBEM-2004, designed and assem-
bled in “Fracture and Fatigue” Laboratory in UCTM
— Sofia [9]. All the tests were done in the range of
high cycle fatigue accordingly to the S-N curve of
the material.

Equipment for characterization and sample
preparation: Scanning electron microscope (SEM)
Jeol JSM-6490 was used for microstructure and fa-
tigue fracture surface observations and Jeol JSM-
6500F equipped with field emission electron gun
(Oxford instruments, HKL technology) for Electron
backscattered diffraction (EBSD) analysis. Channel
5 system (HKL Technology) was used for analyz-
ing and presenting the obtained results. A step size
of 0,8 um was used to collect data over the surface
of the specimen, accelerating voltage inside of the
vacuum camera was 15 kV.

To reveal the microstructure of the samples 4%
picric acid solution was used after polishing with
a 4000-grid silicon paper. The samples for EBSD
analyses were polished with a 4000-grid silicon car-
bide paper followed by final polishing with colloi-
dal silica solution.

550

The specimens were characterized in two mutual
perpendicular directions (parallel and perpendicu-
lar to fracture surface). Successive polishing steps
over the fracture surface were performed to identify
the microstructure behind the nucleation site using
EBSD technology. Because of the fine microstruc-
ture of the material and the fact that for the most
materials the ferrite could not be read the EBSD
analysis for this study were performed with a very
small step size i.e. 0,08 um. The characterization
of the material and the EBSD analysis were done
in the laboratory LEM3, University of Lorraine —
Metz, France.

RESULTS AND DISCUSSION

The steel used in this study contains 0,819 wt.%
carbon which accordingly to the Fe-C phase diagram
means that it is eutectoid steel with lamellar micro-
structure (alternate layers of ferrite and cementite).
This is confirmed by proceeded microstructure
observations (Fig. 2). Typical characteristics of the
eutectoid microstructure were noticed such as curva-
ture of cementite lamellae, discontinuous cementite
lamellae, bridges connecting two cementite lamellae,
branching of the cementite and also primary cement-
ite (Fig. 2 (c)). The presence of primary cementite
(Fig. 2 (a)) is explained by the higher percentage of
carbon i.e. hypereutectoid steel. Flattening and wid-
ening of the lamellae respectively oriented parallel
and perpendicular to DD were noticed on specimen’s
microstructure (/DD) what could be a result of the
drawing process. Curvature of the cementite lamel-
lae oriented parallel to DD in the zones close to the
fracture surface was also found. The interlamellar
spacing A at different zones (//DD) of the specimens
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SEl 150KV X1,600
a)

10um
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Fig. 2. Lamellar microstructure of the material at different areas and different magnifications:

(a) x1600; (b) x3000; (c) x7500;

was measured. Each one of the obtained results for
each zone is an average value from 50 to 60 meas-
urements. The values for the different zones are as
follows: zones close to the fractured surface (//DD)
A =0.2808 pm; zones from the middle part of the
specimens (//DD) A = 0.2847 um; zones from the
not deformed specimen (//DD) A = 0.2668 pm.
EBSD analyses (Fig. 3) were performed to char-
acterize the crystallographic orientation at different
parts of the fractured surface as well as in direction

perpendicular to the fracture surface to investigate
crack path. As could be seen from the performed
analysis, the fatigue process in this study was not
influenced by the crystallography of the material’s
microstructure. On Figure 3 are illustrated colored
pole figures for both phases obtained by Channel 5
system. The figure is showing the texture analysis
of different specimens and different zones of the
polished surface. It can be concluded that there is
no significant change of the texture, but it can be

{100} o {110}

1113
el

1113

™

{100} {110}
d)

Fig. 3. Pole figures (coloured) illustrating the texture of different specimens and in different direc-
tions of geometrical form: (a) zone of the initiation, applied stress Ac = 1500 MPa; (b),zone of final
fracture, applied stress Ac = 1500 MPa; (c) analysis of surface parallel to RD, applied stress Ac =
1500 MPa; (d) initial texture of not-deformed material
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Fig. 4. Crack path on a fractured surface of a specimen subjected to Rotating-Bending Fatigue under Ac = 1200 MPa

noticed only a small difference in the intensity i.e.
zones with a higher rate of deformation (Fig. 3a, b)
showed higher rate of texture in comparison to anal-
ysis of the surface parallel to RD (Fig. 3c) and of
that of not-deformed material (Fig. 3d). As is it seen
on Fig. 3a there is expressed a slow rate of fiber
texture clearly seen on pole figure {110} showing
the texture in planes (101), (110), (O11).

The initial texture (not-deformed specimens)
that had been measured showed slow rate of tex-
ture what could be a result of the process of draw-
ing of the material. It is known that by drawing
the rate of texture is influenced by the difference
in the ratio of initial diameter/final diameter of the
drawn material which is confirmed also by other
researchers [10, 11].

As it is seen on Figure 4 the fatigue crack propa-
gation also was not influenced by the fatigue proc-
ess. The crack is not propagating on a specific crys-
tallographic planes or directions. This might be due
to very low texture or very high applied stresses
when we investigate the mentioned kind of influ-
ence. However, more investigations at low stresses
are necessary to determine whether the crack propa-
gation in this material could be influenced by the
crystallographic orientation.

CONCLUSIONS

In this work the influence of the crystallography
on a tested under rotating bending fatigue spring
steel has been studied. EBSD analysis were per-
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formed and expressed by pole figures obtained for
both phases. The results showed higher rate of fiber
texture of the more deformed zones of the specimen
in comparison to the initial one. But still it cannot
be said that the texture was significantly changed by
the performed deformation.

From the performed observations it can be
concluded that the crack path had not been in-
fluenced by the crystallographic orientation. An
illustration of that is shown though the crack path
of'a specimen tested on Rotating-Bending Fatigue
at Ac = 1200 MPa.
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MHUKPOCTPYKTYPHHU U TEKCTYPHU AHAJIN3U
HA TTPYXKMHHA CTOMAHA

JI. B. Huxkonosa*

Xumurxomexnonoeuuen u Memanypeuuen ynusepcumem — Coust,
oyn. ,, Knumenm Oxpuocku“ 8, Cogpus 1756, Bvaeapus

[Moctbnuna ¢espyapu, 2013 r.; npueta maii, 2013 r.
(Pesrome)

3aToBa M3cIeBaHe ca M3I0JI3BaHM 00pasIH OT IPYKMHHA CTOMaHa, U3pab0TeHH BbB (hOpMa THUII ISIChUSH YACOBHUK
U MOJVIOKEHN Ha yMOpa ChC CXeMa Ha HaTOBapBaHe ,,0'bBaHE MPU BbPTEHE™ 10 pa3pyliaBaHe. MUKPOCTPYKTYpHHUTE
HaOJIOIeHUS TTOKa3axa eBTEeKTOMAHA (JTaMelapHa) CTPYKTypa, KaTo pe3ylTaTHTe OT TiIX ca omucaHu. [lo-moapobHu
aHaJIM3M OIMCBAT BIUSIHUETO HA YMOPHHUS IIPOLIEC BbPXY MUKPOCTPYKTYpaTa 1 Kpuctaiorpadusta — uMa Jii BIUSTHAE
Ha KpucTanorpadusTa BbpXy Ipolieca Ha yMopa 1 3a0ersi3Ba Jiu ce ¥ npu Ipyrd Matepuany win He. EBSD ananuzu
Osixa IPOBEICHH 3a OXapakTepH3UpaHe Ha KpucTajorpadusTa U U3clieBaHe Ha IIbTs HA MyKHATHHATA B Pa3InYHU
obusiactu 0T 00pasiuTe, KAKTO MO pa3pylieHaTa IOBbPXHOCT, TAKa U B IIOCOKA MEPICH/IMKYJISIPHA Ha Hesl.
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Phase change materials are promising candidates for memory materials because their ability to change between
amorphous to crystalline state or vice versa with the application of specific profile of heat. Due to fast transition
between crystalline and amorphous form, chalcogenide based on Ge-Te has been regarded as potential candidate of
phase change materials. Our investigation of amorphous structures of GeTe, with indium dopant have shown that
amorphous Ge-Te-In has a significant number of fourfold rings which are responsible for the rapid crystal growth
in crystal-amorphous transition. In the present study, ab initio molecular dynamics were used to study crystalliza-
tion process of GeTe, with indium dopant (5, 10, 15 and 20 at%). The structural changes in transition process were
analyzed by evaluation of ring statistics. Results from ab initio simulations show that crystallization of samples with

80—-100 atoms occur in hundreds of picoseconds.

Key words: Crystallization, Ab initio Molecular Dynamics, Chalcogenide.

INTRODUCTION

Chalcogenide glasses are interesting materials
because of their technological applications and
commercial importance. Due to their unique prop-
erties (low phonon energies, optical transparency
in IR region, high index of refraction), chalcoge-
nide glasses have many important applications in
optics and optoelectronics. These applications in-
clude phase change material [1-4], sensor [5, 6],
optical circuits, gratings, waveguides [7-9], and
many others.

Phase change materials have been extensively
studied by many authors because it is expected
to be the future of non-volatile memories [10,
11]. The emerging non-volatile phase change
memory holds the potential for the next genera-
tion data storage which is faster and more stable
than present data storage. Chalcogenide based on
Ge—Te has been regarded as a potential candidate
of phase change materials due to its fast transi-
tion between crystalline and amorphous form.
However, very little theoretical guidance is avail-

* To whom all correspondence should be sent:
E-mail: zaidan@unair.ac.id
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able for chalcogenide materials based on Ge-Te,
especially for Ge—Te—In system.

With these motivations, theoretical study of crys-
tallization process in amorphous GeTe, doped with
indium 0, 5, 10, 15, and 20 at% using numerical
calculation has been done. Models reported in this
work are generated through melt quenching ab initio
molecular dynamics (AIMD) simulations. This ap-
proach, first pioneered by Car and Parrinello, which
combines density functional theory (DFT) with mo-
lecular dynamics (MD) is a powerful tool for inves-
tigating liquid and amorphous structures [12].

CALCULATION DETAILS

Relaxed structure of (GeTe,),,, In, withx=0, 5,
10, 15, 20 were generated by AIMD simulation. The
calculations were performed with the SIESTA pro-
gram [13] using a linear combination of numerical
atomic orbitals as the basis set and norm-conserving
pseudopotentials. The total energy is approximated
in the non-self consistent Harris functional. The
SIESTA program was run under periodic boundary
conditions and employed one point (k = 0) in the
Brillouin zone. Mesh Cutoff 30 Ry was used for cal-
culation and temperature was controlled by a Nosé-
Hoover thermostat.

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Structures of amorphous (GeTe,),,, In, were
investigated using atomic models contain up to
300 atoms. The starting point of these models is
model of GeTe, contains 240 atoms placed ran-
domly inside cubic lattice with periodic boundary
condition. The lattice constant of cubic lattice were
calculated from mass density of system which is
measured from experiment [14]. AIMD was per-
formed to obtain relaxed stucture of GeTe, system.
Indium atoms were then added to relaxed struc-
ture of GeTe, so atomic models of (GeTe,),,, .In,
with x = 5, 10, 15, 20 contain 300 were obtained.
Using relaxed structures, bond angle distributions
and ring statistics were calculated and discussed
for amorphous state.

Unfortunately up to now there is no standard
procedure to model amorphous structure using
MD method. Although several amorphous systems
were successfully generated from so called “melt
quenching” technique, but this technique itself
varies in details. Melt quenching can be done us-
ing classical MD or AIMD. The “melt and quench”
simulation scheme proceeds by carrying out a se-
ries of MD simulations. At each step, the structure
obtained from the previous MD simulation is used
as the starting point for the next one. In this work,
process of melt quenching technique contains three
AIMD steps, one annealing process and two NVT
MD processes. First, system is annealed at 1500 K
which is higher than melting temperature of system
and then system is allowed to reach thermodynamic
equilibrium in this temperature using N7 MD. The
process is then continued with quench of the sys-
tem to 300 K. Then, the structure is equilibrated at
this temperature using NV7 MD. For each MD step,
system is given enough time to reach its thermal

equilibrium in order to eliminate its correlation to
the previous structure. At each step, system is al-
lowed to run for 10 ps to reach its thermodynamic
equilibrium. The time step for the simulations is
set to be 2 fs in order to suppress numerical error.

Crystallization process was investigated by car-
ried out AIMD simulations on (GeTe,),, In, with
x =15, 10, 15, 20 using models contain 80—100 at-
oms. Each model was first equilibrated at 1500 K
followed by a thermal quenching to 900 K slightly
above melting points. Then model was quenched
with slow cooling rate (dT/dt=-0.75 K ps!) for 400
ps. In this step, structural changes in transition proc-
ess are analyzed by evaluation of ring statistics.

RESULTS AND DISCUSSION

Bond angle distribution between first neighbor
atoms can give information about structural nature
of system. As member of group IV chalcogenide we
expect that GeTe, has tetrahedral nature as GeSe,.

The average Ge coordination number in the amor-
phous models is around 4, but this does not prove
that amorphous models only have tetrahedral coor-
dination. Bond angle distributions of Te—Ge-Te for
amorphous (GeTe,),,, In in Figure 1 gives us infor-
mation that prepared models have maximum angle
distribution at around 88-100° and a contribution
lower than 180° in amorphous state. The presence
of a small peak at around 60° in the angle distribu-
tion function is due to a very small fraction of three
membered rings. This result indicates that tellurium
atoms can lay either in equatorial plane (90°) of a
Ge atom or at its vertices (180°). It also shows that
amorphous structure doesn’t display a full tetrahe-
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Fig. 1. Bond angle distributions of amorphous 0,5 = TR L i L N
state of system (GeTe,),,, In, o i
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dral character which should show by max at 109°
like in system GeSe,.

With max angle distribution found between 88
and 109° prepared amorphous structures should be
made of 4-fold which is partially tetrahedral and
defective octahedral-like environment. Structure of
GeTe, show that the distribution peak is around 90°
which indicates defective octahedral structure. With
indium atom addition, distribution peak shifts to
tetrahedral characteristic. It looks like that Ge atom
can be bonded as tetrahedral and octahedral struc-
ture. Atoms participating in Ge—Te bond favour oc-
tahedral coordination and the presence of homopo-
lar Ge—Ge and Ge—In bonds favors the tetrahedral
coordination.

Beside bond angle distribution structural infor-
mation can be gathered from ring statistics. Topology
analysis of amorphous, liquid or crystalline systems
is often based on part of structural information
which can be represented in the graph theory using
nodes for the atoms and links for the bonds. A series
of nodes and links connected sequentially without
overlap is called a path. Following this definition a
ring is therefore simply a closed path.

The ring statistics is an important structural pa-
rameter to investigate crystal growth in amorphous-
crystal transition. Ring calculation in present study
uses the definition of ring which was proposed by
Guttman [15], who defines a ring as the shortest
path which comes back to a given node (or atom)
from one of its nearest neighbors.

Bond angle distribution analysis suggests that
(GeTe,), 1, structure should be made from 4-fold
rings. 4-fold rings are the basic structural elements

of rocksalt crystal. Therefore it is important to in-
vestigate their distribution in amorphous state and
during crystallization processes.

Result of ring statistics calculation is shown in
Figure 2. As expected, ring statistics have good
agreement with bond angle distribution analysis.
(GeTe,) 0 In, structure shows that amorphous
(GeTe,) I, has a significant number of 4-fold
rings with most of them being in the form ABAB
(A=Ge, In; B=Te). In 2008, Hegedus and Elliot
showed that rapid phase transitions in phase change
material GST due to the presence of crystal-nuclei
seeds (fragments of octahedral rocksalt structure
which is 4-fold rings) in amorphous states [16].
From bond angle distribution and rings statistics re-
sult, it looks that Ge-Te-In system has similar char-
acteristics with GST. So it is plausible to assume
that 4-fold rings can be responsible to the rapid
crystal growth in crystal-amorphous transition in
Ge-Te—In system.

Crystallization is very fast in prepared models.
Figure 3 shows snapshots of atomic configuration
of 80 atoms of GeTe, in amorphous state and par-
tially crystals form produced by slow cooling of the
melt. Crystallization event is starting to occur only
after 150 ps. It can be seen that crystals have the
rocksalt-like structure characteristic similar with
phase change GST materials [16, 17].

The time evolution of 4-fold rings that are crystal-
nuclei seeds and the building blocks of the rocksalt
structure are presented in Figure 4. Beside Hegedus
[16], the significance of four-fold rings to phase tran-
sition in phase change materials GST also has been
investigated by Kohara [18] using reverse Monte
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(a) Amorphous state (b) Crystal is starting to form

Fig. 3. Snapshots of atomic configuration of (a) amorphous GeTe, (b) crystallization event that is starting to occur
after 150 ps (A: atom with coordination number 3, B: atom with coordination number 4, C: atom with coordination
number 5)
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Fig. 4. Number of four-fold rings evolution of system (GeTe,),,, In withx =0, 5, 10, 15, 20 during 400 ps quench

557



A. Zaidan et al.: Ab initio simulation of crystallization of amorphous Ge—Te—In system

Carlo simulations and by Akola [20]. Figure 4 shows
that crystalline fraction of prepared samples increase
after 200 ps. The binary GeTe, system goes through
rapid crystallization between 200-250 ps and for ter-
nary (GeTe,),,, In, rapid crystallization occur after
250 ps. This result is expected because model for bi-
nary system has fewer atoms than model for ternary
system. For all prepared samples, crystallization oc-
curs in hundreds of picoseconds.

CONCLUSSION

Models of (GeTe,),,, In, with x =0, 5, 10, 15,
20 have been made using melt quenching AIMD.
Calculation results of bond angle distributions sug-
gest that the structure of prepared amorphous sys-
tem should be made of 4-fold coordinated structure
which is partially tetrahedral and defective octahe-
dral-like environment. Ring statistics investigation
of amorphous (GeTe,),,, In, suggest that structure
of (GeTe,),y, In, with x =0, 5, 10, 15, 20 have a
significant number of 4-fold rings which responsi-
ble to the rapid crystal growth in crystal-amorphous
transition. Results of time evolution of 4-fold rings
investigation show that crystallization of samples
with 80—100 atoms occur in hundreds of picosec-
onds. All these results show promising properties as
candidates of phase change material. With further
development, Ge-Te-In system has potential to be
applied as new phase change materials.
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AB INITIO CUMVIJIALINA HA KPUCTAJIM3ALIMATA HA AMOP®HU
OBPA3IN OT CUCTEMATA Ge-Te-In

A. 3aiigan! **, Bin. MBanosa', I1. ITeTkos!

! Kameopa @usuka, XumMuKko-mexHoI02uteH u Memanypeuier yHugepcumenm,
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Tloctprmna pespyapu, 2013 r.; mpueta maii, 2013 1.
(Pesrome)

Marepuanure ¢ nmpoMsHa Ha (azaTa ca MHOroOO€IIaBaIly KaHIUIaTH 32 U3pad0TBaHE Ha MAMETH, MOPAIH CIIO-
COOHOCTTa MM JIa MPEMHUHABAT OT aMOP(HHO B KPUCTAIHO CHCTOSIHUE, MM OOpaTHOTO, MPU MpUJIaraHe Ha TOTUTHHA.
[Mopaau 6Bp3nst Mpexox MeXIy KpucTaiHata n amopdHara gopma, XaTKOreHUAHUTE MaTeprany Ha 6a3ara Ha Ge—Te
Cce pasriekaaT KaTo MOTEHINAICH KaHIu/IaT 3a MaTepualIy ¢ mpoMsHa Ha dasara. M3cinenBaneTo Ha aMOp(HHU CTPYK-
typu GeTe,, noTupanu ¢ nHIMHI TOKa3Ba, ye amop¢Hara cucrema Ge—Te—In cbabpska 3HaUNTENIEH OPOIl YETBOPHU
NPBCTEHH, KOUTO €A OTTOBOPHM 32 OBP3Hs pacTeX HA KPUCTAINTE MPH MPeXoja KpucTtar—aMoppHoO cheTosHuEe. B
HACTOSMIOTO IIPOYYBaHE € U3MO0NI3BaHa ab initio MOJIEKyYJISIpHA AMHAMUKA 32 U3y4YaBaHe Ha ITpolleca Ha KPUCTaTN3ains
B GeTe, nmpu notupane ¢ uaauit (5, 10, 15 u 20%). CTpyKTypHUTE IPOMEHH B TIPOIIEca HA TIPEXOA ca aHAM3UPAHU
Yype3 CTaTHCTHYECKA OIICHKA Ha IpbCcTeHNTE. Pesynrarute ot ab initio cuMynanunTe MOKa3BaT, de KPUCTATM3ALUITA
Ha o6pa3mu ¢ 80—100 aToMu mpoTHYa 32 HIKOIKO CTOTHH MAKOCEKYH/IH.
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It was examined the polycaprolactam gamma-—alpha transition as its major structural transformation. The specific
behavior of the polymer in the reversible alpha—gamma transition was established. It was found that the transition
progress was accompanied by a critical deformations of the crystal cells. The gamma-—alpha transition is presented as
the first stage of the polycaprolactam crystalline phase development by forming of a stable configuration in the pack-
age of the macromolecular chain segments. The influence of the quantitative accumulation of gamma phase and its
development during the transition in the alpha phase has been also investigated. It is proposed a methodology for the
realization of the study and criteria for evaluation. A mechanism of the structural transitions has been suggested.

Key words: polycaprolactam, crystal structure, polymorphism.

INTRODUCTION

Crystal structure of poly(g-caprolactam) (PCL)
examination has been intensified since 1942 [1, 2]. It
is known for its polymorphic great diversity [1-21].
However, the results are very inconsistent, conflict-
ing and sometimes controversial [1-35]. This ap-
plies particularly for thermal initiated polymorphic
transitions. They are highly dependent on the condi-
tions of implementation. Most of these conditions
are difficult to be controlled precisely. This makes
it difficult to predict the structure and performance
properties of materials and products.

To establish the relation between structure and
properties is necessary to know well the structure.
The structural diversity to be well defined. To de-
scribe accurately and unambiguously polymor-
phism of PCL it is necessary to assess the quality
of polymorphic forms. Only then its polymorphic
transitions can be precisely clarified.

So, first, it is necessary to clarify the terms of the
alpha—gamma transition, i.e. to assess the perfection

* To whom all correspondence should be sent:
E-mail: hristo_uzov(@abv.bg

560

of the crystalline phase of PCL. Only then the per-
fection of the crystal forms can be evaluated and its
structural diversity thoroughly described.

EXPERIMENTAL

Different types of polycaprolactam (PCL) with
different molecular weight and molecular mass
distribution (characteristic viscosity in 1%-ile sol.
N,SO, n,, = 2.11-2.83) were used with a con-
tent of low molecular weight compounds in the
range 1.0-12.0% fat. and moisture content of 0.1
to 0.01% mass as a prerequisite to obtaining crys-
tal structures of varying sophistication. Thin films
were formed in a wide range of molding condi-
tions: T, =215-240°Cand T, =-196-200 °C.

Using universal powder X-ray diffractom-
eters URD-6 (“Préazisionsmechanik — Freiburg”,
Germany) and DRON-3 with a high temperature
camera ATM-2000 (“Burevestnik — St. Petersburg”,
Russia) using Cu, -radiation (B-filtered with Ni-
Filter, A = 1,5418 A), low and high temperature
X-ray diffraction at different temperature-time re-
gimes of simultaneous modification was received

Software package “Origin 5.0” was used for de-
composition multiply peaks in determining poly-
morphic forms of PCL.

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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RESULTS AND DISCUSSION

The experiment involves heating and cooling
under different conditions of thin films of PCL.
The main purpose of the experiment is to study the
polymorphic forms of PCL and transitions between
them, mainly gamma-alpha transition. This is the
main polymorphic transition in PCL between the
unstable gamma and the stable alpha-crystalline pol-
ymorphic modifications. The degree of complete-
ness of the transition forms the structure that deter-
mines the operating properties of the polymer. This
is the structure on which the possibility for further
processing and modification of polymeric material
depends in order to optimize its operational proper-
ties. The content of the unstable gamma form en-
hances the compressibility of the structures in terms
of thermal, mechanical, heat-mechanical and others
complex physical fields. This is extremely impor-
tant for the tape, foil and fiber-forming materials.

According to recent literature and our data, the
heat of a super cooled melt of PCL forms initially
its gamma form. The continuation of the process
leads to improvement of the crystal structure to the
stable alpha form. In this transition, beta form in-
evitably presents in detectable amounts, regardless
of its strong conditional dependence. The impres-
sion is of its buffer, intermediate, facilitating role
in the gamma-—alpha transition. On the other hand,
its satellite presence in the advanced stable struc-
ture is observed after the apparent depletion of the
gamma form. It is not certain that there no traces
of the beta-form remain even after prolonged an-
nealing, because it is structurally very similar to the
alpha form[8, 24].

For the first time the beta-form is mentioned
by Holmes and coworkers’1955 together with the
alpha-form definition [8]. In this sense, the beta-
form can be called alpha-imperfect form. Because
of its presence and influence on the determination
of the partial coordinates of the basic alpha-form
by Holmes it is necessary their later correction by
Simon [24].

It is not accidental that some authors have as-
sumed its presence in the form of a mixture from
alpha and gamma forms. Thus, the transition delta—
gamma-beta—alpha can be represented as a continu-
ous process of improvement of the PCL crystalline
phase. The whole structural reorganization occurs
without cardinal displacement and geometrical mod-
ifications, while the delta—gamma and beta—alpha
stages are realized permanently and almost unno-
ticed. Therefore, in first approximation, we can say
that the compaction of the PCL structure through
repacking of chain segments in the crystalline phase
is realized by gamma-alpha transition. This transi-
tion is realized through the redistribution of hydro-

gen bonds (H-bonds) from the nearest neighboring
segments in different crystallographic directions,
especially in the plains of molecular folding.

The carried out experiments showed the pres-
ence of extremely rich possibilities of structural
conversions. Depending on the type of polymer, the
geometry of the samples, their starting structures,
schemes and the conditions of temperature modi-
fication and simultaneous X-ray scanning and so
on, get the impression of infinite structural diversity
and ambiguous reorganization behavior.

This sets the need for criteria and systems of
quantitative evaluation of the crystalline phase per-
fection. The need for such qualifying of the crystal-
line phase quality at each stage and every moment
of the structural adjustment comes from the need
to assess the degree of completion of polymorphic
transitions. Moreover, the characterization of the
crystalline phase is necessary for elucidation of si-
multaneous presence of the possible PCL crystal
forms with different amounts and perfection. This
fact determines the possibility and necessity of the
simultaneous running of the possible polymorphic
transitions. Under different conditions, however, it
can change the direction of the various processes
and increase the ambiguity of the results and their
interpretation.

Some of the results from the study on the gam-
ma-—alpha transition of PCL are shown in Fig. 1 and
in Table 1. When heating the 5-form (super cooled
melt) from 20-30 °C to 70-80 °C with heating rate of
50 °C/min no significant changes in its dust diffrac-
tion occur. It is observed the appearance of y-form
in the range from 80-90 °C to 100-110 °C. Its im-
provement continued up to 160 °C. The diffraction
reflection (100y) is migrating into the diffraction of
about 21.1 to about 22.6-22.7 0. The gamma-—alpha
transition is realized within the interval 160-190 °C.

The intensity of overlaid reflections (200), , and
(002) ;,/(202) ,, grows and their positions divide
noticeably at a temperature about 180 °C. The an-
gular positions at the time of occurrence are about
20, 60 °260 and 22.85 °20, respectively. At the same
time, the position of the reflection (100y) started re-
verse migration to the value of 21.15 °6. The prob-
able cause of the observed effects is the started re-
distribution of the hydrogen bonds from all closest
neighboring segments in different crystallographic
directions only in the plains of folding of the mac-
romolecular chains.

The position 21.15 °26, of (100), corresponds
to the largest (about 4.2 A) achievable for gamma-
form distance between the segments axes in the
crystalline phase. It is probably possible because
of the optimal heating speed of 5 °C/min up to that
temperature, the tempering during the X-ray scan-
ning and the appropriate objects geometry. This dis-
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Fig. 1. Some of the high-temperature powder X-ray diffraction, showing gamma-—alpha transition in PCL: a) Lorentz
decomposition of part of the powder diffraction curve from thin isotropic PCL film, molded by pressing at 235 °C and
tempered at —93°C, scanned at 20 °C. The main single peak of the decomposed doublet, almost coinciding with the
diffraction curve at the distribution about 21 °26 can be accepted as an equivalent to a 100, on the diffuse halo of the
super cooled melt (5-phase); b) Lorentz decomposition of part of the powder diffraction curve from thin isotropic PCL
film, molded by pressing at 235 °C and tempered at —93 °C, scanned at 120 °C, after heating from 20 °C with a speed
of 5°/min and tempering for 3 min. Minor change of the profile of the multiple experimental peak after decomposi-
tion shows the appearance of additional peak (right to larger diffraction angles), corresponding to possible 202/002B o
c¢) Lorentz decomposition of part of the powder diffraction curve from thin 1sotrop1c PCL film, molded by pressing
at 235 °C and tempered at —93 °C and scanned at 140 °C (after 120 °C). Again, minor modification of the profile of
the multiple peak does not hide, however, the possibility for significant structural changes through repackaging of
chain segments and possible decomposition of 200, 4, 100, 202/002, 5, respectlvely, d) Lorentz decomposition of part
of the powder diffraction curve from thin isotropic PCL ﬁlm molded by pressing at 235 °C and tempered at —93 °C
and scanned at 160 °C (after 140 °C) shows a strong change in the proportion of co-existing with different perfection
phases; ¢) Lorentz decomposition of part of the powder diffraction curve from thin isotropic PCL film, molded by
pressing at 235 °C and tempered at —93 °C and scanned at 180 °C (after 160 °C) already shows a strong increase with
the temperature increasing of the amount of y-crystalline form; f) Lorentz decomposition of part of the powder diffrac-
tion curve from thin isotropic PCL film, molded by pressing at 235 °C and tempered at —93 °C and scanned at 190 °C
(after 180 °C). It is observed a picture of approximation and intensity decrease of reflections of different phases at the
expense of maintaining priority wheelbase of around 4.22 A (priority baseline condition for obtaining a-perfect shape
after polymorphic transition y-p-a at sufficient cooling); g) Lorentz decomposition of part of the powder diffraction
curve from thin isotropic PCL film, molded by pressing at 235 °C and tempered at —93 °C, scanned at 180 °C (after
cooling from 220, 200 and 190 °C with a speed of 5°/min and tempering for 3 min). Shows improvement (away of the
decomposed peaks corresponding to the reflections about 20 and 24 °260) and quantitative growth of a-and B-forms;
h) Lorentz decomposition of part of the powder diffraction curve from thin isotropic PCL film, molded by pressing at
235 °C and tempered at —93 °C, scanned at 160 °C (after cooling from 220, 200, 190, 180 and 170 °C with a speed of
5°/min and tempering for 3 min). Shows improvement (away of the decomposed peaks corresponding to the reflec-
tions about 20 and 24 °26) and quantitative growth of a-and B-forms; i) Lorentz decomposition of part of the powder
diffraction curve from thin isotropic PCL film, molded by pressing at 235 °C and tempered at —93 °C, scanned at 150 °C
(after cooling from 220 200, 190, 180, 170 and 160 °C with a speed of 5°/min and tempering for 3 min). Shows im-
provement (away of the decomposed peaks corresponding to the reflections about 20 and 24 °20) and quantitative
growth of a-and B-forms; j) Lorentz decomposition of part of the powder diffraction curve from thin isotropic PCL
film, molded by pressing at 235 °C and tempered at —93 °C, scanned at 140 °C (after cooling from 220, 200, 190, 180,
170, 160 and 150 °C with a speed of 5°/min and tempering for 3 min). Shows improvement (away of the decomposed
peaks corresponding to the reflections about 20 and 24 °26) and quantitative growth of a-and p-forms; k) Lorentz
decomposition of part of the powder diffraction curve from thin isotropic PCL film, molded by pressing at 235 °C
and tempered at —93 °C, scanned at 130 °C (after cooling from 220, 200, 190, 180, 170, 160, 150 and 140 °C with a
speed of 5°/min and tempering for 3 min). Shows improvement (away of the decomposed peaks corresponding to the
reflections about 20 and 24 °260) and quantitative growth of a-and B-forms; 1) Lorentz decomposition of part of the
powder diffraction curve from thin isotropic PCL film, molded by pressing at 235 °C and tempered at —93 °C, scanned at
120 °C (after cooling from 220, 200, 190, 180, 170, 160, 150, 140 and 130 °C with a speed of 5°/min and tempering
for 3 min). Shows improvement (away of the decomposed peaks corresponding to the reflections about 20 and 24 °26)
and quantitative growth of a-and B-forms; m) Lorentz decomposition of part of the powder diffraction curve from thin
isotropic PCL film, molded by pressing at 235 °C and tempered at —93 °C, scanned at 110 °C (after cooling from 220,
200, 190, 180, 170, 160, 150, 140, 130 and 120 °C with a speed of 5°/min and tempering for 3 min). Shows improve-
ment (away of the decomposed peaks corresponding to the reflections about 20 and 24 °26) and quantitative growth of
a-and B-forms; n) Lorentz decomposition of part of the powder diffraction curve from thin isotropic PCL film, molded
by pressing at 235 °C and tempered at —93 °C, scanned at 100 °C (after cooling from 220, 200, 190, 180, 170, 160,
150, 140, 130, 120 and 110 °C with a speed of 5°/min and tempering for 3 min). Shows improvement (away of the
decomposed peaks corresponding to the reflections about 20 and 24 °260) and quantitative growth of a-and B-forms;
o) Lorentz decomposition of part of the powder diffraction curve from thin isotropic PCL film, molded by pressing
at 235 °C and tempered at —93 °C, scanned at 20 °C (after cooling from 220, 200, 190, 180, 170, 160, 150, 140, 130,
120, 110 and 100 °C with a speed of 5°/min and tempering for 3 min). Multiply peaks observed in the geometry of
the intensity distribution in the diffraction experiments are decomposed by Gaussian and Lorentzian distributions
corresponding to the main polymorphic forms of PCL.; This allows control of the polymorphic composition of PCL
during thermal modification.
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tance is close to the thermodynamic advantageous
fold width during the PCL chains folding. Thus it
makes possible to create H-bonds between the op-
posite targeted segments in the folding planes that
forms its alpha form.

After this point, the amount of the gamma form
reduces and it loses its perfection. The smaller the
peak of the diffraction reflection (100)y is, so much
the visual reporting position is inaccurate.

In the geometry of the intensity distribution of
the high-temperature powder diffraction, it is highly

overlapping with (200), . If the heating rate is high-
er, the gamma-—alpha transition is realized later and
on smaller average statistically distances between
the segments in the polymer volume. Then it gets
mainly the beta form that improved in alpha.

This is indicated by the increased intensity of
the (002),,/(202), , [8]. Then, the near located peak
(100), overlaps and geometric “draws” from the
higher intensity. Decomposition, however, shows
the true positions of the diffraction reflections in the
Table. They allow the definition of some, albeit rel-

Table 2. An illustrative example of the formation of same structures (Fig. 1, h) by different ways

Thermal modification

N,
Object formation and measurement Viodifcatons  Teomperings number heating o
o ] pering of ful . ~a:B:y:08, %
C/min min cooling
cycles
processes
Trrora =235 modif. =120-220 PO
Tcl')’s'lall =-93 PCL 1 \carm =165 3 3 3 3 9:37:45:9
=235 =120-220
”""" S0 PCL - 1 modit 4 4 2 2 9:37:45:9
crystall - \cann -
=235 =120-220
mo[d modif.
:37:45:
T =200 PCL - 1 0 3 5 1 1 9:37:45:9
=235 i+ =120-220
mo[d modif. ATAR.
T =03 PCL - 2 ST 5 3 3 3 9:37:45:9
=235 T =120-220
mold modif. ATAR.
T 20 PCL =205 4 4 2 2 9:37:45:9
=235 =120-220
Tota. oo PCL — 2 S 3 5 1 1 9:37:45:9
cryslall - scunn -
Table 3. An illustrative example of the formation of different structures by the same ways
Thermal modification
Obiect fi . d n, number ,Nt’
JeCt ormation and measurment Vmodiﬁ’ Tiempering ’ heatmg PO
ot pering of ful . ~ou:B:y:3, %
C/min min cooling
cycles
processes
=235 =120-220
mold modif. AN
T =03 PCL - 1 modt s 10 1 5 2 34:34:24:8
=235 =120-220
'”""’ PCL - 1 modif. 10 1 5 2 36:33:23:8
crystall =20 \cann =170
=235 =120-220
mo/d modif. K10-
T 2200 PCL - 1 s 10 1 5 2 38:36:19:7
=235 ¢ =120-220
mold modif. 2299
T =93 PCL - 2 0 10 1 5 2 37:33:22:8
=235 i+ =120-220
mold4 modif. 2AANT -
T 20 PCL - 2 TS 10 1 5 2 38:34:21:7
=235 =120-220
mo[d modif. 2%5.10-
[ 288 PCL — 2 Imose =20 10 1 5 2 39:35:19:7

crystall. xcarm
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ative temperature-time intervals of the transitions.
We can come in many other ways to similar reflec-
tions positions, for example, via other schemes,
speeds of heating and X-ray scan, other times and
exposures of tempering, using other PCL, source
structures and geometry of its objects, other com-
binations etc.

The best justifications for that are the different
results by different authors [1-35]. It is therefore
necessary to create a unified system for study of the
structural reorganization of PCL, with the ability
to quantitative assessment of the crystalline phase
quality. This would allow an unambiguous and ac-
curate assessment of the implementation of the pol-
ymorphic transition.

CONCLUSION

1. It was found that the structural diversity in
PCL temperature modification in a wide range of
conditions is difficult to be realized by X-ray dif-
fraction interpretation and evaluation. It is proposed
simultaneous control with a high temperature pow-
der diffraction and interpretation of information ob-
tained from the structural studies of thin films of
PCL with different initial structure after the neces-
sary corrections and decomposition of multiple in-
tensity distribution.

2. Detailed information about the temperature
dependence of the possible angular deviations, in-
tensity proportions and profile changes of the pol-
ymorphic diffraction reflections in the observed
experimental peaks has been obtained. An attempt
to analyze the polymorphic reorganizations and es-
pecially the main alpha-gamma transition in PCL
has been made. Difficulties in the interpretation of
the observed effects related to their qualitative and
quantitative ambiguities have been shown.

3. The impossibility for precise and positive in-
terpretation of the diffraction (powder diffraction)
results from the structural changes in PCL without
satisfactory quantitative evaluation of the quality
and quantity of polymorphic forms has been as-
sumed. It is very difficult without a quantitative
assessment of their perfection as a measure of the
completeness of the polymorphic transitions.

4. A conclusion has been drawn about the need
to establish the basis of criteria and methodology
for practical assessment of the crystalline phase per-
fection of the main polymorphic forms.

Acknowledgements: The authors are grate-
ful to the Fund “Scientific investigations” of the
Projects NIH-244 from University “Prof. Dr. Assen
Zlatarov”, Burgas and Ne 8268 from the University
of Shumen, for the support.
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KPUCTAJIHA CTPYKTYPA HA TIOJIUKAIIPOJIAKTAMA.
[. TAMA-AJI®A TIOJIUMOP®EH ITPEXO/]

C. VY3oBa!, A. Ilonos?, B. Benes?, T. Aurenos?, C. Muxanesa?, X. Y308?

THI'T ,, IIpogh. 0-p Ac. 3namapos”, 8000 Bypeac, Bvireapust
2 Vuusepcumem ,, [Ipogh. 0-p Ac. 3namapoes” — Bypeac, 8010 bypeac, bvieapus
3 Vuueepcumem ,, En. Koncmanmun Ipecnascku”, 9712 Illymen, bvieapus
* Jlykotin Heghmoxum Bypeac AJ], Bypeac, bvieapus

Toctpmmna pespyapu, 2013 r.; mpueta maii, 2013 1.
(Pesrome)

Ha 6a3a npe/mnonoxeHneTo 3a HepMaHeHTHA peopraHu3alys Ha OllaKOBKaTa Ha MaKpPOMOJICKYJIHUTE BEPHIKHH CeT-
MEHTH Ha [OJIMKATIPOJIAKTaMa, BCJICACTBIE JMHAMUYHO U3MCHSIUTE Ce PABHOBECHH MPEXHU OT BOAOPOIHU BPB3KU IIPH
TeMITepaTypHa WX TepPMOMEXaHMYHA MOIN(HUKALINS, € U3ydaBaH Ooratus My nomumopduzsm B mHTepBana 20-240 °C.

W3cnensan e OCHOBHUAT raMa—aida noiuMopQeH Mmpexos Ha IOJUKaNpoiakTaMa. Y CTaHOBEHO ¢ crneuduaHo
NOBEJICHNE Ha NIOJIMMEpa IIPU 00paTUMus alia—TraMa Ipexoa. YCTaHOBEHO €, Ye IPEeX0/1a ce ChIPOBOXK/IA C JIOCTHTa-
HE Ha KPUTHYHU Jie(hOpMaLiy Ha eIIEMEHTApHUTE KPUCTAHU KJIeTKH. ['ama—anda npexoasT € mpeacTaBeH KaTo Ibp-
BU eTall OT Pa3BUTUETO HA KPHUCTaNHaTa (a3a Ha MOoJIMKaNpoaakTamMa pu (OpMHUpaHEeTo Ha CTaOMIHA KOH(PHTYpaLs
B OIIaKOBKaTa Ha MAKPOMOJICKYJIHUTE BEPYIKHH CETMEHTH. VI3ClieIBaHO € BIMSHUETO Ha KOJIMYECTBEHOTO HATPYIBAHE
U YCHBBPIICHCTBaHE Ha TamMa GopmaTa BBPXY Ipexoja U B anda popma. [IpemiokeHa e METoIMKa 3a IPOBEKAAHE U
KPUTEPHUH 32 OLICHKA Ha M3CJieIBaHuUsTa. [IPEaNoIoKeH € MeXaHH3bM 3a Pealli3upaHe Ha CTPYKTYPHHTE IPEXO/IH.

Y CTaHOBEHO € eTHOBPEMEHHOTO CHbBMECTHO CBILECTBYBAHE B PA3INYHO KOJMYESCTBEHO CHOTHOLICHHE U C P3Ny~
HO CBBBPIICHCTBO Ha anga, Oeta, rama U Jeira GOpMHUTE My B KOMIUIEKCHH CTPYKTYpPH B 3aBHCHMOCT OT BHJA Ha
HOJIMMEpa, IPEIUCTOpUsITa HA 00CKTHTE, HAYMHA M YCIOBHATA Ha BOJCHE HA KPHCTAIN3ALMOHHUS WM PEKPHCTAIIU-
3alMOHHMS IIpoliec. B 3aBUCHMOCT OT HaYMHA U ITHTS HA TEMIIepaTypHa MOAU(HKALMS € pasrieaaHa Bb3MOXKHOCTTA
3a T0JIy4aBaHe Ha MOJA00HN KOMIUIEKCHU CTPYKTYPH IIPU Pa3iIMYHH YCIOBHS HIIM Pa3IMYHA KOMIUICKCHHU CTPYKTYPH
NpY €HAKBH yCIIOBHS Ha hopMupaneTo uM. ToBa 3aTpy/IHsBA CUIIHO H3yYaBaHe Ha ITOJMMOp(U3Ma U ITOITUMOp(HHUTE
MY MPEXOJIH.
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Hybrid materials are innovative and extensively studied, because of the incorporation organic compounds in in-
organic network, combining their properties. The properties of the hybrid material can be controlled by variation of
the nature and amounts of the components. Recently, the sol-gel synthesis of hybrid materials has been extensively
studied due to the possibility of controlling the chemical conditions, as well as it allows the introduction of organic
and bioorganic molecules within the inorganic network.

In the present work, results on sol-gel synthesis and structure of hybrid materials containing silica and natural
(chitosan) and synthetic (methyl methacrylate) organic compounds are described and discussed. Two and three com-
ponent hybrid materials were prepared by mixing inorganic precursor — tetraethylortosilicate with the organic com-
ponents. The structure of the obtained hybrid materials was studied by XRD, FT-IR, SEM and AFM. With the help
of SEM the presence of spheres in the synthesized material was observed. The presence of a heterogeneous structure

with well-defined nano units was suggested by AFM studies.

Key words: hybrids, sol-gel, silica, chitosan, methyl methacrylate.

INTRODUCTION

Hybrid materials are extensively studied, be-
cause of the incorporation organic compounds in
inorganic network, combining their properties. Sol-
gel method allows to synthesized materials with
high homogeneity and purity at a molecule level [1].
Sol-gel process involves hydrolysis of silica precur-
sor and condensation of Si—-OH groups into SiO, tet-
rahedra. These building units are bridges by oxygen
and lead to formation of Si—~O-Si network. Silica
materials obtained via sol-gel route exhibit good
thermal and mechanical properties and long-term
stability at different pH [2, 3]. Thermodynamic sta-
bility of Si—O bond enables interactions with many
biomolecules and allows them to function normally
in the presence of silicates [4]. Many researcher
groups work on synthesis of biomaterials (biosen-
sors and biocatalysts) and their interaction effect
with different biomolecules—enzymes, proteins, liv-

* To whom all correspondence should be sent:
E-mail: georgi_chernev@yahoo.com
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ing cells and others [5—7]. Most of them combine
inorganic matrix on the base of silica precursors
with organic polymers, with potential application
in different fields: biotechnology, medicine, optics,
pharmacy and etc.

The addition of organic constituent improves the
plasticity of the silicate matrix. Furthermore, us-
ing sol-gel synthesis we can easily insert functional
groups from polymer into the silicate matrix and
that will afford entrapment of biomolecules [8].

In the last few years intensive investigations
of silicate materials with participation of acrylates
[9-11], alginates [12] and polysaccharides have
been carried out. Chitosan (CS) is the second most
abundant natural polysaccharide, composed of glu-
cosamine and N-acetyl-glucosamine units [13, 14].
It has three reactive groups — primary amino or
amide group and secondary hydroxyl groups [15].
Chitosan is insoluble in water and organic solvents,
but soluble in acid water solution (pH <6.5) [16].
In low pH conditions amino groups are protonated
and become positively charged, which makes CS
a cationic polyelectrolyte [17]. Most of the bac-
teria’s and enzymes are negative charged and can
easy form bounds with amino groups of CS [18].

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Many investigations for the structure and proper-
ties of silica/chitosan hybrid materials are availa-
ble [19-23]. Si/CS hybrid materials can be used as
biomaterials in medicine, pharmacy, as materials
for enzyme immobilization, for adsorption of toxic
metals and dyes in waste water [24-28] etc.

Materials based on silica and different acrylates
lead to formation of hybrids with good protective
properties [29]. Adsorption of different biomole-
cules is limited by the length of the synthetic organ-
ic chain. With increasing chain length of acrylates,
adsorption of biomolecules decreases.

For improving characteristics of silica/organic
hybrids, they can be modified, by using combina-
tions of polymers. Modified by grafting method
polysaccharide (chitosan) with synthetic organic
compound improves adsorption and mechanical
properties of materials [30, 31].

The main objectives of the present study were
the synthesis and structural characterization of hy-
brid materials on the base of silicate matrix, cross
linked with chitosan and methyl methacrylate by
the sol-gel method.

EXPERIMENTAL

Hybrid materials in the systems silica/chitosan
(SiCS), silica/methyl methacrylate (SiM) and silica/
chitosan/methyl methacrylate (SiCSM) were pre-
pared using sol-gel method.

Tetraethyl orthosilicate (TEOS) was used as
silica precursor, chitosan and methyl methacrylate
(MMA) were used as organic constituents. Silica
precursor was hydrolyzed in the presence of dis-
tilled water (dH,0) and 1 N HCI for 1 hour under
vigorous stirring. Ratio of TEOS/dH,O/HCl is kept
constant for all mixtures (sol). Chitosan was dis-
solved in 1% acetic acid and stirred until fully
dissolved. Then silica sol was mixed with chi-
tosan solution and MMA, respectively. The ratios
between silica/CS and silica/MMA were varied
from 1 to 4 wt.%.

Obtained hybrid sols (SiCS, SiM, SiCSM) were
dried at room temperature until formation of sol-
id gels.

The structure of synthesized hybrid materials
was investigated using follow methods:

X-Ray diffraction (XRD) measurements were
performed by a brucker D8 Advance. The dif-
fracted intensity of CuKa radiation was measured
with scan rate of 0.02°.min™! in 26 range between
10 and 80°. Infrared Spectra (FT-IR) were obtained
using a MATSON 7000 Forier Transforming Infra
Red spectrometer. Pellets of 2 mg of hybrid sam-
ples were mixed with 200 mg of spectroscopic
grade KBr. Information about surface characteris-

tics of synthesized hybrids was obtained using EDS
(Rentec EDS system), SEM (Philips 515) and AFM
(Nano Scope Tapping Mode TM).

RESULTS AND DISCUSSION

All synthesized samples were investigated with
powder XRD and obtained results are presented on
Figure 1. In the three investigated systems a halo
is observed at ~ 23° 20. This halo shows the amor-
phous character of the obtained hybrid materials. In
the systems with chitosan peak at ~23° 20 is overlap
with anhydrous crystalline form of chitosan.

FT-IR spectra of SiM, SiCS, and SiCSM hy-
brids are shown on Fig. 2—4. In FT-IR spectra of
obtained hybrids characteristic absorption bands
of silica network and organic components, as well
as new absorption peaks, proved chemical interac-

(a) - SiM4
(b) - SiCS4
(c) - Sicsm4

Intensity (CPS)

(b)

W '

(@)

two - theta (deg)

Fig. 1. XRD patterns of SiCS, SiM and SiCSM hybrids

(a) - SiM1
(b) - SiM2
(c) - SiM3
(d) - Sim4
=
(]
o
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<
b=
g
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=
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Fig. 2. FT-IR spectra of SiM hybrids
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(a) - SiCS1 (a) - SICSM1
(b) - SiCs2 (b) - SiCSM2
(c) - SiCS3 (c) - SICSM3
(d) - siCs4 (d) - SiCsmM4
ES (d) B3
g g
£ £
g E (c)
s S
= = [
a)
(a)
4000 3500 3000 2500 2000 1500 1000 500 0 %000 3800 3000 2800  Z000: 800 Gooo: e b
Wavenumbers, cm” Wavenumbers, cm”
Fig. 3. FT-IR spectra of SiCS hybrids Fig. 4. FT-IR spectra of SiCSM hybrids

Fig. 5. SEM and AFM images on the surface of hybrids in the system SiCS
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tion between them is detected. As a result of hy-
drolysis and condensation of TEOS, characteristic
peaks at 795, 550 and 458 cm™! corresponding for
Si—O-Si symmetric stretching vibration. Intensive
peak 1081 cm™' show Si—O-Si asymmetric stretch-
ing mode [32]. On the other hand these peaks cor-
responding to Si—~O—C band, which can be prove
for new band between silica and organic sources.
The presence of free Si—-OH mode is associated with
peak at 950 cm™'. Wide band of absorption in the
field of 3400 cm™ related to symmetrical valent vi-
bration of free NH, and OH groups and H-bonding
interactions. Absorption peaks of chitosan at 2980—
2850 ecm!' (-OH u —CH stretching band) are de-
tected [26]. The decrease in peak intensity around
1250 cm™ is due to co-condensation of —OH groups
of chitosan with silicate matrix [26]. A new absorp-
tion peak in spectra of SiCS hybrid at 1643 cm™

can be attributed to the asymmetric N—H deforma-
tion vibration and confirm the -NH," ion forma-
tion [33].

In the FT-IR spectra of hybrid containing MMA
the peak of C=C bond at 1642 cm validates the in-
corporation of MMA in silica network, because no
such C = C is present in TEOS.

In the system SiCSM typical characteristic bands
of Si—-O—-Si network are detected, which are widely
described above. The peak at 1643 cm™! can be at-
tributed to formation of -NHCO linkage between
chitosan and MMA [34]. These results proved
cross linking of chitosan in Si-O-Si network and
incorporation of two organic components by the
grafting method.

The surface of obtained hybrids was investigated
by SEM and AFM analysis (Fig. 5-7). All samples
had smooth surface with distributed spherical par-

Fig. 6. SEM and AFM images on the surface of hybrids in the system SiM
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Fig. 7. SEM and AFM images on the surface of hybrids in the system SiCSM

ticles. Formed units proved the incorporation and
cross linkage of chitosan in silica network.

SEM micrographs of SiCS system (Fig. 5)
showed decreasing trend of particle size with in-
creasing amount of chitosan solution.

Influence of partial substitution of chitosan with
MMA on the structure is shown on Fig.7. Adding
MMA to Si/CS mixture, rough surface is observed.
The change of morphology is due to grafting proc-
ess between chitosan and MMA. Distribution and
spherical size followed the same tendency. Particles
with diameter 61 nm at equal amount of inorganic
and organic components are formed.

AFM investigations of obtained samples in 2d,
3d topography and roughness analysis are presented
on Figures 5, 6 and 7. Samples, containing TEOS
and chitosan formed smooth structure, where z-di-
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rection increase from 30, 2 nm (SiCS1) to 888, 6 nm
(SiCS4).Variations of unit size on their surface are
confirmed with roughness analysis (Fig. 5).

AFM topographies of SiCSM hybrid materials
presented transformation from smooth (Fig. 7b) to
rough surfaces (Fig. 7d) with increasing organic
amount. When organic and inorganic components
are in equal amount, rough surface with maximum
z-direction (10, 4 pm) is observed. From AFM sur-
face analysis can be concluded for random distribu-
tion of hybrid units.

CONCLUSIONS

Hybrid materials, containing silica, chitosan and
methyl methacrylate were successfully synthesized
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using sol-gel method. Obtained results of XRD
proved the amorphous structure of hybrids. FT-IR
spectra showed result of hydrolysis and condensation
of silica source, formed reactive amino and hydroxyl
groups and interaction between methyl methacr-
ylate and chitosan in SiCSM hybrids. SEM images
showed random distribution of chitosan in silica net-
work. With increasing amount of organic component
formed spherical particles become smaller. Partial
replacement of chitosan with methyl methacrylate,
formed spherical particles is better distributed in the
structure. The existing reactive groups in obtained
materials ensured different application of obtained
hybrids in the field of biotechnology.

Acknowledgements: The authors are grateful to the
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CTPYKTYPA HA XUBPUJIHN MATEPUAJIN, CbABPXXAIIN ECTECTBEHU
N CUHTETUYHU OPTTAHMYHU CBEJUHEHW A

I'. E. Uepnes'*, E. B. Togopoga', C. I1. [Ixamba3oB!',
N. M. Mupanna CanBano?

! Kameopa ,, Texnonoeust na curukamume *, Xumuxomexunoiocuven u Memanypeuuen Ynueepcumem,
oya. ,, Knumenm Oxpuocku* 8, 1756 Cogpus, bvreapus
2 Jlenapmamenm no undicenepra kepamuxa, CACEKO, Yuusepcumem na Aseiipo,
Asetipo, [lopmyzanus

Toctpmna pespyapu, 2013 r.; mpueta maii, 2013 1.
(Pesrome)

XuOpUIHNATE MaTEepHaIi Ca HHOBATHBHY M IMPOKO M3yYaBaHH MaTEPUAJIH, II0OPaJH Bb3MOKHOCTTA 32 ChYCTaBaHE
Ha HEOpPraHW4YHa MaTpHLa U OPraHUYHM KOMIIOHEHTH, KOETO ITO3BOJISIBA MPOMSHA Ha CBOWMCTBATa Ha MOIUTYYCHHTE
Mmarepuany. CBOWCTBaTa HA XHOPHIHUTE MaTepHaIn 3aBHCAT OT NPUPOAATa U KOJMYECTBATA Ha M3XOIHUTE KOMIIO-
HeHTH. [Ipes mocieaHuTe TOJMHI HHTEPEChT KbM CHHTE3MUPAHE 110 30JI-Iell Ha XHAPHIHU MaTepHaH € TOJISIM, 3apaiu
BB3MOXKHOCTTA YCIIOBHATA HA CHHTE3 1a ObJAT KOHTPOJIMPAHHU, KAKTO U BHACSHETO HA OPraHMYHU M OHOOpraHUYHU
MOJICKYJIM B HEOPTraHUYHATa MaTpHLIA.

B Hacrosimara pabora ca MpeACTaBeHU U AUCKYTUPAHU PE3YJITaTUTE BbPXY CTPYKTYPHHTE M3CIICABAHUS HA XH-
OpHIHU MaTepUaId CHHTE3UPaHU IO 30J-TeJICH METOM, ChAbPIKALIA €CTECTBEHH (XUTO3aH) M CHHTETHYHMH (METHII
METaKpHJIaT) OPraHuYHN KOMITIOHeHTH. CHHTE3UpaHH ca J(BY- U TPUKOMIIOHEHTHH CHCTEMH M3II0JI3BalKH HEOpraHHU-
YeH MPEKypCop-TeTPaMETHIIOPTOCHIIMKAT ¥ TOPEIIOCOUCHUTE OPIraHMYHN KOMIOHEHTH. CTPyKTypara Ha HOJIy4eHHTE
xuOpumu e oxapakrepusupana ¢ momormra #Ha POA, U4, CEM u ACM ananu3u.
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An attempt was made to optimize the valuation methods of the polycaprolactam crystalline phase perfection.
Criteria for the evaluation of the perfection of the alpha form are established.
It is proposed a methodology for the practical determination of the alpha-form perfection. Formulas are derived

for its quantification.

Approaches have been proposed for the evaluation of other polymorphic forms of the polycaprolactam. The in-
tensity ratio of the main diffraction reflections is used to determine the quantitative assessment of the presence and
perfection of the beta form. Changes in angular displacement of the main diffraction reflection of the gamma-form in
the powder diffractograms were analyzed to determine the perfection of gamma crystalline form.

Key words: polycaprolactam, crystal phase, perfection.

INTRODUCTION

The perfection of the crystalline phase in the
polymer has different dimensions than that of low
molecular weight substances. Partly this is due to
skeletal chemical bonds in long-chain polymer mol-
ecules. Restricting the freedom of the nearest neigh-
bors in the base of elementary crystal cells, they
significantly affect the far order in the grid. They
are the basis and for the specific type of defects in
the polymers, too. This necessitated the creation of
the theory of polymer pseudocrystal. All factors af-
fecting the quality of the crystalline phase otherwise
impact in varying degrees to perfection pseudoc-
ristal polymer lattice. And they are very complex
and their simultaneous impact is ambiguous. An
additional complicating factor in polycaprolactam
(PCL) are dynamically changing balances aris-
ing from shatter and recombine hydrogen bonds
(H-bonds). These may be other chemical, physical
or purely complex networks or just any steric factor
and geometric specificity. Especially in the process

* To whom all correspondence should be sent:
E-mail: hristo_uzov@abv.bg

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

of crystallization, recrystallization, and any type of
structural reorganization of the atomic-molecular
level in terms of thermal, thermo-mechanical or
other type of complex physical fields. And these are
all real thermal fluctuation processes of structural
adjustment and fine-crystal crystallographic and
morphological level.

Fortunately, most accurate and complete uni-
formity in the definition of similar processes and
structures is rarely attainable and seldom necessary.
For example, in the study of polymorphic transi-
tions PCL, knowledge and ability to control the per-
fection of the crystalline phase is required. Because
the wide variety of polymorphic transitions is not
nothing but a permanent process of improvement
of the crystal structure of the PCL. And just track-
ing the change of the lattice perfection we can study
the polymorphism of PCL. To do so, however, is
not complete determinism of the studied physical
reality. We need to know only what quality (crys-
talline perfection — CP) structure, respectively, way
and packing density (chain packing density — CPD)
of macro-molecular chain segments arises a crys-
talline phase, under what conditions and how does
it change. When and how to improve and to what
extent violates the order to destroy the crystal struc-
ture of phase or move to another crystallographic
modification.
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EXPERIMENTAL

High-temperature powder X-ray diffractometers
are best suited for the study of temperature-initi-
ated restructuring of the crystalline phase of PCL.
Structural changes are controlled by changes in the
geometry of the intensity distribution of X-ray radi-
ation. Angular positional deviations, intensity vari-
ations and profile changes of the diffraction reflec-
tions have been observed and compared. They spec-
ify the dimensions and distances between structural
elements, the quantity and type of packaging in the
different structures of the polymer. Key structural
elements are chain segments in the elementary crys-
tal cell. Usually they are the symmetrical version or
parts from it in the basis of the cell.

The behavior of a-, B-, y- and 6-PCL forms were
studied in a wide temperature range (20-240 °C)
and in more detail in the range 160-190 °C. The
temperature dependences of the angular deviations
of all major diffraction reflections of polymorphic
forms and above all (200),, (100), and (002),/(202),
are controlled. By using suitable software such as
“ORIGIN” decomposition of multiply peaks was
performed to establish the statistical characteristics
of the actual characteristics of the diffraction reflec-
tions. Experienced subjects were scanned at speeds
1, 2 and 3° 20/min, if necessary, in the interval 20—
24 °20, 15-30 °260 2—60 °20 and a URD-6 (Freiburg
“Precizionsmechanik”, Germany), and DRON-3
(“Burevestnik”, St. Petersburg, Russia) equipped
with a high-temperature chamber ATM-2000. Used
Cuy,,, = 1.5418 A radiation filtered B-nickel filter.

Different types of polycaprolactam (PCL-1 with
rlreLl% sol. H2SO4 = 264’ Wmass.% = 10 and PCL-Q’ Wlth
Mret oo, H250, = 2.32; W, = 0.01) with differ-
ent molecular masses and molecular-mass distri-
bution (characteristic viscosity in 1% solution of
H,SO, n,, = 2.11-2.83) were used with contents of
low-molecular tie in the interval 1.0-12.0% mass,
moisture content W from 0.1 to 0.01 mass%, as a
necessary condition about the obtaining of crys-
tal structures with different perfection. Thin folios
were formed in a large diapason of forming condi-
tions: T, = 210-240 and T, =-196-200 °C.

The high temperature X-ray investigations were
carried out by repeated cyclical heating and cool-
ing in the temperature interval from 293 K to 513 K
with heating rate of 5 K/min and 5 min tempering
for every scanned temperature at interval of 5 K. A
software package “Origin 5.0” was used for decom-
position of multiple peaks in determining polymor-
phic forms of PCL.

The initial isotropic structure of the pressed fo-
lios was characterized by light-microscopy, elec-
tron-microscopy and with powder X-ray diffrac-
tion methods using a polarization light-microscopy
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Amplival Pol, Karl Zeiss, Jena, Germany, SEM BS
— 340, Tesla, Brno, Cheh Republic, TEM Opton
10B, Feintechnik, Oberkochen, Germany.

The crystal phase perfection was defined by the
packing compactness of the macromolecular chain
segments in the crystal phase of the a-crystal modi-
fication [1, 2].

RESULTS AND DISCUSSION

It is impossible to talk about precise and unam-
biguous quantitative and even qualitative structural
study of the polymers, if there is not an opportunity
to identify and assess the quality of their crystalline
phase. For chain-flexible polymers and PCL not
much information on similar research is available
[1-8]. The main quantitative criterion in the X-ray
structural studies is the integral diffraction intensity
of the X-ray radiation in a given crystallographic
direction. On the other hand, the integral intensity
is strongly connected with the quality of the studied
structure at the atomic-molecular level. This kind
of “dualism” can lead to ambiguous experimental
solutions. In the more perfect low molecular crys-
tal lattices the polymorphic resolution is better. In
some cases, depending on the conditions and objec-
tives of the study, the profile of diffraction effects
can successfully arbitrate and decide such dualism.

Mathematical and statistical characteristics of
the profile distributions as a design may be suffi-
cient for this. Moreover, if they are representatives
of various relevant statistics such as Gauss, Lorentz,
Lorentz quadratic, Void, Pseudo-Void, Pearson VII,
etc., for polymers, in particular PCL, such a decision
is unthinkable. All major diffraction reflections of
his polymorphic diversity are nesting in the range of
1-2 Bragg degrees. This strongly hampers the qual-
itative and quantitative analysis of the diffraction
pattern. But the study of polymorphic transitions re-
quires precise control of the qualitative and quanti-
tative simultaneous polymorphic composition. This
requires the creation of a criteria basis for recog-
nition, separation, correction, evaluation and com-
parison of the diffraction reflections of co-existing
in different proportions polymorphic modifications
of PCL. At first glance, the undeniable correlation
between the quality and quantity of each polymer
crystallographic modifications looks facilitating the
identification of real forms in the crystalline phase
of PCL. It seems that the existing relations lower
degrees of freedom and the apparent ambiguity in
permanently changing structures studied. In prac-
tice, however, this is not so. The limited selection of
practical approaches and techniques for detection of
the crystalline forms in PCL would not allow its use
even in synchronous excellent knowledge.
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It appears unlikely the exact establishment of the
moment of polymorphic transition relation by the
quantity—quality of the polymorphic crystal forms.
The definition of the polymer polymorphic transi-
tions as a continuous process of change in the pack-
aging of the macromolecular chain segments, and
the technical difficulties in the experimental imple-
mentation of the evaluations guarantee this. What is
the system of approaches and techniques for imple-
mentation of the planned experiment? The main ob-
jective is the study of polymorphic transformations
of PCL in a wide range of conditions. This can be
investigated with high-temperature X-ray powder
diffraction under different conditions of thin films
of PCL with different starting structure. The need
to be thin foils is determined by the low coefficient
of thermal conductivity of the polymer that must be
heated and cooled quickly and homogeneously. A de-
tailed interpretation of the geometry of the intensity
distribution of high-temperature powder diffraction,
especially in the angle range from 20 to 24 °26 of
diffraction scan. The basic diffraction reflections of
the known polymorphic crystal forms of the poly-
mer are in this interval. To them the proportion be-
tween the crystal forms in simultaneous coexistence
may be established. By varying temperatures in dif-
ferent modifications can be studied the geometry,
mechanism and kinetics of the polymorphic transi-
tions. For this purpose is needed data for the angu-
lar deviation, intensity and profile modification of
the diffraction reflections. It can be obtained after
splitting of the overlap in complex multiple peak of
diffraction reflections of individual alpha- beta-and
gamma-crystalline forms of PCL. The processing
of the multiple peaks can be done with a computer
program Origin. As supporting information can be
used theoretical diffraction curves of known crys-
tal forms of PCL and simulation of particle diffrac-
tion images with their software as, for example,
Crystallographica, Material Studio, etc.

The alpha form perfection can be defined as a CPP
(crystalline phase perfection) = 83(d0/d o) 002>
[%], and the density of the chains packing as a CPD
(chains packing density) = 137(d, 05, — dgo2) 20))> [Y0]-
Thus, through the angular deviation of the main dif-
fraction reflections can be controlled quantitatively,
evaluated and compared the changes in the crystalline
phase quality and the distance between the chains.

The normalizing coefficients estimated, namely
“83” (in front of the ratio of the distances between
the planar) and “137” (in front of the their differ-
ence) determine the maximum value (100%), re-
spectively of perfection and density. Of course, the
values of the normalizing coefficients have been
estimated at the maximum possible experimentally
reachable values of the used ratio and difference of
the distance between the planar, at the angular po-

sitions values of the diffraction reflection (200), —
20.00 °26 and of (002),,(202), — 24.00 °26.

It is established that within the boundaries of
possible deviation of reflections CPP is between 91—
100%, a CPD varies in the range of 54—100%. The
perfection climate out these borders means critical
deformation of the unit cell, polymorphic transition
and the crystalline phase destruction, depending on
conditions.

The change of the density of packing of the
chains has no direct sense of a change in the distance
between them, and the percentage of the maximum
difference between the planar distances of family’s
crystallographic planes that lie in the chains.

This indicator shows rather tendencies to in-
crease or decrease of distances in trigonometric
relationships. It can be seen that the perfection de-
crease of the alpha form leads to a percentage lower
of the chains packing density in times fast for the
defined range.

Intensity ratio (the linear intensities) of (200)
to (002)/(202) in the alpha form is about 3/2 =
1.5. In beta form, it is back to 2/3 ~ 0.667. So
the most easily recognized and percentage calcu-
lation can be done using intensity ratio CPPP =
150(T 200106/ L 0020a20210.)» [70]- The detailed justifi-
cation and output of the analytical dependence is
as follows.

The simulation of the theoretical powder diffrac-
tion of the known PCL polymorphic forms shows
the declared above dependencies of the intensity
ratios.

After simulation and experimental confirmation
was considered as the maximum of the beta form on
scanned objects 18 L0.,s/L0020p/20000p = 0,667. After
the standardization it to 100% as (0,51 002)020210)
0,667).100, [%], the expression was a little simplis-
tic to 1501 200,51 002)0p/20200p)> DY Introducing a cor-
rection coefficient 150 ~ 0.00667. Coefficient 150
is connected with the idea of 150% intensity of the
second line to the first PCL peak in the powder dif-
fraction of the monoclinic crystallographic alpha
and beta modifications.

It is easy to reduce in percentage the beta-crys-
talline phase. Higher accuracy is possible, but in
most cases it is not necessary. In the remaining
cases are used the algorithms for the alpha form. It
should be noted that alpha and beta forms always
coexist in different proportions and perfection.
When we talk about 100 percentage of beta-form,
that means their 100% possible participation in
such polymorphic mixture.

Determination of the gamma-form perfection is
reasonable in the light of the clarification of the
so-called Brill transition (gamma-alpha, or gam-
ma—beta—alpha transition). From maximum amor-
phized (deep hardened) condition close to ideal
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Fig. 1. High temperature X-ray powder diffraction of thin films of PCL-2, pressed at 225 °C (T, =225 °C), crystallized
at 0 °C (T, =0 °C). X-ray scans temperatures: a — 20 °C; b — 170 °C; ¢ — 165 °C after heating (V,,,, = 5°/min) to 225,

then cooling (V.
heating (V,

= 5°/min); d — 145 after heated (V,, =

cool

= 5°/min) to 225, then cooling (V

heat cool

min, and 225 °C for 5 min, then cooling to 165 °C for 5 min and cooling (V

super cooled melt of PCL called delta-form up to
gamma-transition has no structural secrets. This
transition occurs secret, as well as the beta-alpha
transition with improvement of the more stable
and perfect form.

In contrast to the gamma-alpha transition consist-
ing of a significant structural adjustment and cardi-
nal modification of the hydrogen bonds between the
segments. In the delta-form the segments packag-
ing showed an average statistical distance between
the chains around 4.20-4.22 A. The appearance
of the minimum sufficient for structural formation
segmental mobility at the expense of recombina-
tion of the hydrogen bonds compacts container to
4.17-4.18 A. The trend is stable, albeit within the
margin of uncertainty. Perfecting, the gamma form
compacts the segment package by mutual hydrogen
bonding of all neighbors to 3.90 A (22.770 °9).

The newly established system of hydrogen
bonds is dynamically changing and the distances
fluctuate greatly. With temperature modification
under certain conditions, in the range 160—-1900 S
stable alpha form starts forming. It forms two spacing

= 5°/min); f — 20 °C after heating (V

5°/min) to 225, then cooling (V_ =5 °/min); e — 120 °C after

cool

heat = 0°/min) at 165 °C for 5
= 1°/min) to 20 °C.

cool

of chain segments and, more specifically, between the
crystallographic planes in which they lie. 4.44 A — the
distance between the targeted alternative circuits in
the plains of folding. It is fixed to free from tension,
conveniently located hydrogen bonds [Holms] and
least varying in temperature modification. 3.71 A —
distance crystallographic axis “c” between stitched
by hydrogen bonds sheets (planes of segments
folding).

Sewing together by hydrogen bonds between al-
ternative targeted segments (folds) in the same chain
is folded and sewn together between neighboring
segments, defining the width of the folds. Because
on a number of thermodynamic and geometric rea-
sons, they are extremely stable and large enough,
4.44 A, can slipping through each other (in the di-
rection perpendicular to the “b” molecular axes —
i.e. a crystallographic axis “a”) to wedge each other
their Van-der-Waals interactions. This further helps
compaction of stitched leaves and small lattice pe-
riodicity in the direction of “c”.

It is clear that in this situation, a more imperfect
and unstable, but more homogeneous and isotropic
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Fig. 2. Polarization (a, c) and scanning (b, d) photomicrography, X-ray (e, h), light (f, i - Small Angle Light Scattering,
SALS) and electron (g, j) photo diffraction of thin films of PCL-2 (T,, = 225 °C; T, = 20 °C): crystallization tempera-
ture 20 °C after free cooling (a, b, e, f, g); crystallization temperature 200 °C (c, d, h, 1, j).

perpendicular to the macromolecular axes structure
with average distances between the chains around
3.90 A should be transformed into more non iso-
metric the plain “ac” with periods in the crystal-
lographic directions [200] and [002] 4.44 A and
3.71 A, respectively. This can occur spontaneous-
ly in increased segmental mobility due to thermal
modification by pulling in an appropriate direction
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of dynamic equilibrium in the processes of frag-
mentation and recombination of hydrogen bonds
between the amide groups of adjacent segments.
The appropriate direction in this case is between
the different directions oriented segments of the
same chain in the plains of folding them. That is, the
realization of hydrogen bonds (H-bonds) between
the amide groups of the two neighboring alterna-
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Table 2. Perfection in % for thermal modification of the crystalline phase of the films of 50 microns PCL-2, 225 °C

when pressed and crystallized at 200 °C

Perfection of alpha form of PCL

Perfection of gamma form of PCL

T,

Neo ‘g‘éﬂf-’ V =5 °C/min V =10 °C/min V =5 °C/min V =10 °C/min
heating cooling heating cooling heating cooling heating cooling
1 20 98.48 95.63 98.48 95.59 99.66 99.75 99.66 99.62
2 30 98.48 95.55 98.48 95.51 99.66 99.75 99.66 99.62
3 40 98.48 95.55 98.48 95.51 99.22 99.75 99.53 99.62
4 50 98.43 95.51 98.48 95.51 99.22 99.75 99.31 99.62
5 60 98.39 95.46 98.39 95.42 98.79 99.75 99.00 99.62
6 70 98.39 95.42 98.39 95.42 98.79 99.71 98.96 99.62
7 80 98.30 95.42 98.39 95.42 98.79 99.71 98.92 99.62
8 90 98.26 95.33 98.35 95.33 98.36 99.71 98.74 99.62
9 100 98.21 95.29 98.26 95.29 97.93 99.71 98.57 99.62
10 110 98.13 95.25 98.22 95.25 97.50 99.71 98.10 99.57
11 120 98.04 95.13 98.18 95.17 97.46 99.71 97.84 99.57
12 130 97.60 95.09 97.88 95.13 97.38 99.71 97.76 99.53
13 140 96.95 95.05 97.05 95.05 97.29 99.71 97.67 99.53
14 150 96.31 94.80 96.46 94.80 97.21 99.66 97.59 99.40
15 160 95.68 94.80 95.87 94.80 97.08 99.66 97.42 99.49
16 165 95.05 94.80 95.28 94.43 97.00 99.66 97.17 99.49
17 170 94.42 94.66 94.60 94.26 96.88 99.66 97.08 99.44
18 175 93.79 94.28 94.02 93.99 96.75 99.62 96.88 99.44
19 180 93.17 93.75 93.44 93.28 96.63 99.62 96.67 99.40
20 185 92.55 92.64 92.32 92.35 96.54 99.62 96.54 99.40
21 190 91.93 92.06 91.75 91.91 96.46 99.53 96.46 99.44
22 195 91.31 91.40 91.14 91.00 96.38 99.44 96.38 99.40
23 200 90.70 90.88 90.49 90.55 96.30 98.79 96.30 98.74
24 205 90.09 90.35 89.88 90.03 96.21 97.89 96.21 97.80
25 210 89.49 89.49 89.40 89.52 96.09 97.29 96.09 97.25
26 215 88.88 89.14 88.97 89.05 95.97 96.59 95.97 96.59
27 220 88.48 88.52 88.73 88.73 95.76 95.81 95.76 95.81
28 225 88.07 88.07 88.49 88.49 95.40 95.40 95.40 95.40

tively targeted segments (branches) of a fold. Such
connections are steric favorable to the molecular
geometry and form thermodynamically favorable
structures. The slightly folded sheets stitched also
fit comfortably on matrix van-der-Waals curves
planar contours using small fluctuation cooperative
untangling. The latter, according to the common or
micro local conditions may be replaced by other
mechanisms.

For example, first may be adjusted the relief, and
then to be fixed the network by suitable H-bonding,
etc. in the space and time as one not a quick proc-
ess, but thermodynamically favorable and therefore
stable trend. The relatively isotropic gamma struc-
ture should be slightly deformed, forming H-bonds
in stitched sheets and, more importantly, congesting
these lists — improve packaging segments approxi-
mating crystallographic planes which lie in stable
(200) of monoclinic alpha form 3.71 A distance.

In practice, the distance increases with 0.54 A
from 3.90 up to 4.44 A and the reduction with 0.19 A
from 3.90 to 3.71 A within specified crystallographic
directions are realized at the expense of minor reor-
ganizations in basis of the unit cell. Like less per-
manent change in the partial coordinates of the basis
change the structural amplitude so that the (100),
migrates slightly from item 21.3 °0 (4.17 A) up to
21.1 °20, in reaching the distance between the cha-
otically adjacent chains around 4.21 A, then gradu-
ally migrate to 22,85 °20 (3.89 A). Then: BRILL
(gamma-alpha) (ye>a) = (dy,/3.88).100, [%], —
0.258d,,9,» %0, 25d,40),» [%0].

The delta form, present always and everywhere
as a transitional phase between amorphous others
may present average statistical distances between
segments axes about 4.0 and 4.5 A, an average of
4.22 A. Rarely implemented in practice so deep
hardening to form in the pure state.
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Sometimes, the apparent displacement of the
center of gravity of the amorphous halo of the most
frequently observed angular position 21.05 °26, cor-
responding to the distance of 4.22 A, probably due
to the different quantitative relationship between
the other polymer forms. Because the delta-form in
the transition zones around the crystalline of differ-
ent polymorphic forms with different perfection has
a different density and different geometric statisti-
cal properties. It is difficult to find adequate crite-
ria, however, for such assessments. Such precision
is not necessary.

CONCLUSION

1. It was found that the control on the perfec-
tion change of the crystalline phase as the density of
chain segments packing is adequate and convenient
method about study of the PCL polymorphic transi-
tions and their mechanism.

2. Algorithm and methodology for convenient
practical control of the PCL crystalline phase per-
fection have been created. Analytical dependences
of quantitative evaluation of the packing density
and the perfection of its main polymorphic forms
have been proposed.

3. The obtained results allow the assumption that
the rich polymorphism and the transitions between
the polymorphic phases are the most natural and
thermodynamically entropy most comfortable steps
in improving of the PCL crystal structure.

4. The assumptions and conclusions give reason
to plan a detailed study of the specifics of segment
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packaging of all meso phases and phases of PCL
from the structure of super cooled melt up to the
perfect state of the stable crystalline a-form in prac-
tical the widest possible range of conditions. The
need for such a study is determined by the require-
ment for the formation of an appropriate structure
for obtaining the desired performance properties.
Refinement and extension of the results of these
studies show that this possibility is feasible.
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KPUCTAJIHA CTPYKTYPA HA TIOJIUKAIIPOJIAKTAMA.
II. CbBHPIIEHCTBO HA KPUCTAJIHATA ®A3A

C. VY3oBa!, A. Ilonos?, B. Benes?, T. Aurenos?, C. Muxanesa?, X. Y308?

THI'T ,, IIpogh. 0-p Ac. 3namapos*, 8000 Bypeac, Bvireapust
2 Vuusepcumem ,, [Ipogh. 0-p Ac. 3namapos** — Bypeac, 8010 bypeac, bvieapus
3 Vuueepcumem ,, En. Koncmanmun Ipecnascku ™, 9712 Illymen, bvieapus
3 Jlyxotin Heghmoxum Bypeac AJ], Bypeac, bvieapus

Toctpmmna pespyapu, 2013 r.; mpueta maii, 2013 1.
(Pesrome)

ITocpencTBOM KOMIUIEKCEH aHaIM3 Ha WHTEH3UTETHH, NPO(MIHN 1 MO3MIMOHHH XapaKTEPUCTHKH HA TTHKOBETE
Ha JU(PaKINOHHUTE OTPAKEHUS OT MPAXOBUTE PEHTICHOBU AN(PPAKTOrPaMHy Ha MOJIMKAIPOIAKTaMa Ce ThPCAT IO/~
XOZIY 3a OTIpe/IeNsTHE KOJIMYECTBEHOTO ChIbpKaHNE M KaUeCTBEHO ChCTOSIHUE Ha KpHcTanorpadcknte Moau(UKanu
B KpHUCTaTHaTa My (pa3za, KaTo Crocod 3a OLEHKa CTETEHTa Ha 3aBbPIICHOCT Ha IOJUMOP(QHHUTE My MPEXOAN HPHU
KPHUCTAIM3ALHs U PEKPUCTATN3ALIHA.

YcTaHOBEHO €, 4e 3a 0OEKTHBHOCT, a[JeKBaTHOCT M CPAaBHUMOCT Ha PE3YJITAaTHTE IPH ONpEJesTHe MEXaHU3Ma
¥ KHHETHKaTa Ha CTPYKTypHa peopraHu3anys € HeoOXoauMa rapaHTHpaHa yCIOBHA €IHO3HAYHOCT IPU ChOMpaHe
TreOMETPUYHO-UyBCTBUTEIHATA TU(PPAKINOHHA EKCTIEPUMEHTAIHA HH(POPMAILHS TTOCPEICTBOM BHCOKO-TEMITEPATYp-
HaTa [paxoBa PeHTreHoBa AudpakroMeTpuss. HeoOxoaumMa e ajiekBaTHA €HO3HAYHA JICKOMIIO3UIINS Ha HHTETPAJIHO-
MHTEH3UTETHATa JudpakToMeTpruuHa KpuBa. ENMHO3HAUHO pasjensHe W pa3lo3HaBaHe Ha (asure, MHAEKCANs Ha
mudpaxkunonnute orpaxenus. [lonoden moaxox Ou rapaHTHpal TOYHOTO ONPEEIISTHE Ha KOJINYECTBEHOTO M KauecT-
BEHO CHOTHOIICHHE Ha TOJIMMOP(HUTE (POPMH, ONPEIEISIIO CTENCHTa Ha pealn3upaHe Ha MOJMMOPQHUTE MTPEX0IH
¢ Gm3KaTa MPeNCTOPHS U NEePCHeKTHBA. TOYHOCTTA HA MPOTHO3aTa 3aBUCH OT TOBA.

Hamnpasen e onuT /1a ce ONTUMHU3MPAT METOIUTE 32 OLICHKA ChBBPIICHCTBOTO HAa KPHCTaIHATa (paza MpH MoJIuKa-
IpoJlakTama. Y CTaHOBEHHU Ca KPUTEPHH 32 OLIEHKa Ha ChBBPIICHCTBOTO Ha aida dopmata my. IIpennoxena e mero-
JIMIKa 3a MPaKTHYECKOTO My ompesieisiHe. M3Benenu ca popMyiiu 3a HeroBaTa KOJMUYECTBEHA OlleHKa. [Ipeutoxkenn ca
MOAXOM 32 OLICHSBAHE M Ha JPYTH MOIMMOP(HU (GOPMH Ha MOJIHMKAINposakTaMa. VI HTeH3UTeTHOTO ChOTHOILICHUE Ha
OCHOBHHTE JU()PAKINOHHN OTPAXKEHNUS CE M3II0JI3BA 33 KOJIMUECTBEHA OIICHKA 1 yChBBPIICHCTBAHETO HA OeTa hopma-
Ta. VI3MeHeHusATa B BIVIOBUTE JICBHALIMH HA OCHOBHOTO AN(PPAKIIMOHHO OTPAXKEHUE Ha ramMa opMaTa ce aHaIM3UpaT
3a OIIPEAEIIIHE ChbBBPIICHCTBOTO M.
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Under natural atmospheric conditions (at 45-55% RH and 25-30 °C) three sea-salt samples have been obtained
by evaporation of sea waters from the Black Sea, Mediterranean Sea and Dead Sea, respectively, and then studied by
XPS. The results show that the salt surfaces are enriched in Mg** ions as the Na* ion amount is ~6 and ~20 times lower
than that of the Mg?* ions in the Black sea and Mediterranean Sea samples, respectively. Also enriched content of Br
ions in all crystallized sea salts with respect to the chlorine concentration on the surface has been measured. Bromine
ions are supposed to be localized in the top surface layer. Probably the first step of the crystallization sequence in-
cludes the formation of NaCl crystallites, followed by creation of a layer containing mainly MgCl, and MgSO, com-
pounds. Additionally, this layer contains K* ions, (HCO,)'" and (CO,)*" groups and also Ca*" ions in the case of Dead
Sea salt. Relatively high surface concentrations of the (HCO,)!" and (CO,)* anions have been detected. Therefore,
these ions together with the surface localized Br anions could play a significant role in the interaction dynamics on

the surface of crystalized sea salts.

Key words: Sea salt, lon concentration, Salt crystallization, XPS.

INTRODUCTION

The extents to which atmospheric particles af-
fect the radiative balance of atmosphere depend on
their chemical composition, physical state, and on
their size as these properties depend on the relative
humidity (RH). Sea salts aerosols are the largest
species being highly hygroscopic and they initi-
ate changes taking up water vapor from the atmos-
phere and forming aqueous droplets. Enhanced
halide concentrations have been suggested at their
liquid/vapor interface, which is important for the
understanding of the atmospheric reactions [1].
Because the interactions occur on the surfaces of
particles their surface chemical compositions have
to be studied. This is the main motivation for the
present study to investigate the chemical state and
concentration of ions on the surface during the
formation of sea-salt particles by evaporation of
seawater.

* To whom all correspondence should be sent:
E-mail: hgkolev@ic.bas.bg
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The sequence of precipitation of the various
ions, present in seawater during its evaporation, is
crucial for the understanding the properties and re-
activity of the formed sea salt particles. In that case
the use of X-ray Photoelectron Spectroscopy (XPS)
is particularly appropriate because it provides infor-
mation about the chemical composition of the solid
surfaces. There are a few studies on model labora-
tory samples using XPS, which contribute to the un-
derstanding of the surface segregation of different
seawater ions. Zangmeister et al. [2] have studied
the segregation of NaBr during the precipitation of
mixed NaBr/NaCl crystals from aqueous solutions
containing Br:Cl concentration ratio similar to that
observed in seawater. The surface NaBr concentra-
tion has been found to be appr. 35 times higher than
that in the crystal bulk but regardless of this NaBr
segregation, most of the surface (~95%) remains
occupied by NaCl [2]. The authors assume that a
similar surface segregation of NaBr should be ex-
pected also in the case of the sea salt crystallization.
However, based on the high CI concentration found
in seawater they have considered that also the sea-
salt surface should be enriched mainly in NaCl.

Oppositely, Ghosal et al. [3] have used a signifi-
cantly higher Br:Cl ratio, compared to that in sea-

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria



H. Kolev et al.: Experimental study of the surface chemical composition of sea salt crystallized during evaporation...

water, to a grown mixed NaBr/NaCl crystal. Their
XPS measurements have shown higher Br:Cl ratio
in the bulk of the crystals than the one measured by
Zangmeister et al. [2]. An important result is that
after water adsorption this ratio increases drastically
leading to the conclusion that on the sea-salt surface
the NaBr segregation should also be enhanced. Also
segregation of Br~ ions has been observed on the
surface of bromide-doped NaCl crystal at relative
humidity above 40% due to water adsorption [4].
The Br-enrichment of the salt surfaces can play an
important role in some global atmosphere processes
like depletion of atmospheric ozone layer [3]. This
makes the quantitative and qualitative researches
on marine salt, from which salt acrosols are formed
particularly important.

Harviee and Weare [5] have developed Na—K—
Mg—Ca—Cl-SO,~H,0 model in order to predict the
mineral solubility and to understand the sequence
of the mineral depositions at equilibrium evapo-
ration of brine chemically similar to seawater. As
an extension to the model Eugster et al. [6] have
calculated phase relations within the same system
Na-K-Mg-Ca—Cl-SO,~H,O at 25 °C and 1 atm
pressure. The authors have noted that it is possible
to estimate quantitatively the process of mineral
precipitation for the natural carbonate-free waters
based on the obtained results. Also, for this system
a model called Spencer-Moller-Weare model has
been parameterized not only at 25 °C but also at the
subzero temperatures [7, §].

The previous theoretical calculations of Christov
[9, 10] and recent chemical kinetics experimental
studies [11] show that assuming the sea salt as a
simple halite (NaCl(cr)) salt, which is the main sea
salt component, is a wrong approximation in the
construction of a model for sea salt wetting behav-
ior. It has been shown that the formation of surface
solutions in equilibrium with magnesium chloride
solids (bishofite (MgCL,.6H,0(s); DRH = 34%),
and carnallite (KC1.MgCl,.6H,0(s); MDRH = 34—
52%) determined to a great extent the deliquescence
behavior of sea salt under natural wet atmospheric
conditions [9-11].

Now, using XPS we study experimentally the
surface chemical composition of the sea-salt surface
in order to shed more light and aid understanding
of the bulk-surface disproportion of ions. XPS is
a surface sensitive method, monitoring the chemi-
cal states of the elements and their concentrations
within surface layers up to 2-3 nm depth [12].
Therefore, we expect to obtain results about the ion
concentrations on the surface of crystalized sea salt
leading to the understanding of the sequence of pre-
cipitation of various salts under natural evaporation
conditions of sea water (45-55% RH and tempera-
ture of 25-30 °C).

EXPERIMENTAL

X-ray photoelectron measurements have been
carried out on the ESCALAB MKII (VG Scientific)
electron spectrometer at a base pressure in the
analysis chamber of 5x10'° mbar using twin anode
MgKa/AlKo X-ray source with excitation energies
of 1253.6 and 1486.6 eV, respectively. The spectra
are recorded at the total instrumental resolution (as
it was measured with the FWHM of Ag3d,, pho-
toelectron line) of 1.06 and 1.18 eV for MgKa and
AlKa excitation sources, respectively. The energy
scale has been calibrated by normalizing the Cls
line of adsorbed adventitious hydrocarbons to
285.0 eV. The processing of the measured spectra
includes a subtraction of X-ray satellites and Shirley-
type background. The peak positions and areas are
evaluated by a symmetrical Gaussian-Lorentzian
curve fitting. The relative concentrations of the dif-
ferent chemical species are determined based on
normalization of the peak areas to their photoioni-
zation cross-sections, calculated by Scofield [13].

The sea salt samples have been obtained by evapo-
ration (at the natural conditions) of sea waters from
Black Sea (BS), Mediterranean Sea (MS) and Dead
Sea (DS). The ion concentrations on the salt surfaces
measured by XPS are compared with the bulk data
determined by the EUROTEST — CONTROL EAD
Company (Sofia, Bulgaria). The temperature is main-
tained at about 25-30 °C, whereas the relative humid-
ity is controlled within 45-55% RH. The temperature
is measured by a Pt/00 thermometer. The relative
humidity is being monitored by 808H5V6 Humidity
transmitter during the whole evaporation period.

RESULTS AND DISCUSSION

Surface chemical composition of sea salts

As it was mentioned above, the three sea-salt
samples obtained by evaporation of sea water from
the Black Sea (BS), Mediterranean Sea (MS) and
Dead Sea (DS), respectively, have been studied by
XPS. One of the most intensive photoelectron peaks
is located at about 200 eV and it originates from
CI2p core-level, characteristic of CI- ions giving
respectively the largest concentration of these ions
compared to all the other surface salt particles.

The presentation of our results begins with the
Cls core-level region because the energy of the most
intensive peak here is used for energy-scale calibra-
tion (Fig. 1). This peak at binding energy of 285.0 eV
is characteristic of the C-H and/or C-C functional
groups [ 14] most probably due to adsorbed hydrocar-
bons from residual gases in the vacuum chamber. Fig.
1 shows the different peak contributions, derived from
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Fig. 1. Cls- and K2p-spectral regions of sea salts crystal-
lized from different seawaters

the fitting procedure described in Sect. Experimental.
The next two low-intensity broad peaks centered in a
region of 287-290 eV can be attributed to negatively
charged (HCO,) and (CO,)* functional groups as the
higher negative charge of (CO,)* group determines
its higher Cls binding energy [12]. The peak contri-
bution of the (HCO,) group is more distinctly seen
for the DS salt although the two functional groups
are present in all the studied seawaters. Their bulk
concentrations in seawaters are very small, between

70-300 times lower than the bulk-seawater concen-
tration of Cl™ ions (Table 1) but in the surface layers
of crystallized sea salts the corresponding ratio is
significantly higher: the concentrations of (HCO,)
and (CO,)* groups are only 68 times lower than
that of chloride.

In the spectral region, shown in Fig. 1, the K2p,,
and K2p,, peaks are measured at binding energies
0f293.6 and 296.2 eV, characteristic of K" ions. No
significant differences are detected for the K* ion
concentrations with respect to those of the surface
CI" species. The K":Cl™ concentration ratio varies
between ~70 for BS salt and ~43 for both MS and
DS salts (Table 1). It should be noted that the con-
centration ratio of the same order is measured in
the bulk seawaters. There is significant deviation
only for DS seawater, which will be discussed at
the end of this section. These K™:Cl" ratio similari-
ties between bulk and surface of liquid and crystal-
lized phases, respectively, can be explained assum-
ing that K* ions originate from the KCI compound.
Surprisingly, the most intensive feature in XPS spec-
tra cannot be connected with Na but rather with the
presence of large amount of Mg on the surface. This
is clearly shown in Fig. 2. The binding energies of
the indicated peaks are characteristic of Mg**, Na',
Br and Ca’"-ions [15]. The Na2s peak intensity is
almost invisible, while the Mg2s peak dominates
the whole spectral region, although their photoioni-
zation cross-sections are comparable, 0.422 and
0.575, respectively [13]. The ion concentrations in
the surface layers of the crystalline salts are shown
in Table 1. While in the bulk sea water from BS and
MS the Na" ion concentration is 10 times higher
than the Mg?* concentration, on the surface of crys-
tallized salt phase the Na* ion amount is ~6 and ~20
times lower compared to the Mg*" amount, respec-
tively. Again a deviation is observable in the Dead
Sea sample results. In the bulk seawater the amounts
of Mg?* and Na* ions are almost equal, which can

Table 1. Surface ion concentrations (at. %) of salts evaporated from Black Sea (BS), Mediterranean Sea (MS) and
Dead Sea (DS) water sample solution compared to the ion concentrations (at. %) in sea water from corresponding seas

Tons BS water BS salt MS water MS salt DS water DS salt
(at. %) (at. %) (at. %) (at. %) (at. %) (at. %)
Na* 43.82 6.6 42.12 1.8 17.85 0.8
Mg** 4.29 37.6 4.60 37.6 18.71 29.6
K* 0.73 0.6 0.83 1.1 2.33 1.3
Ca* 0.90 - 0.99 - 3.10 3.7
Cl 47.40 41.2 48.93 46.2 57.12 56.7
(SO,)* 2.09 5.8 2.29 6.8 0.04 0
(HCO,) 0.40 0.08 0.28
(CO,)*> 0.26 7.2 0.08 6.0 0.06 6.9
Br 0.06 1.1 0.08 0.5 0.50 1.0

586



H. Kolev et al.: Experimental study of the surface chemical composition of sea salt crystallized during evaporation...

Mg 2s

£
=]
o
3
>
= MS
§ e
k=
Na 2s
l BS

T T T T T T T T T T T

T T
40 50 60 70 8 90 100

Binding Energy (eV)

Fig. 2. Low binding-energy regions of crystallized sea
salts from different seawater samples

be explained by the already started crystallization
leading to the formation of small NaCl crystallites
on the walls of the container with DS water. With

respect to BS and MS waters the smaller amount of
Na" ions in DS water leads to their smaller quan-
tity in the surface layers of crystallized phase: 37
times lower than Mg?" ion concentration (Table. 1).
However, for all three crystallized samples one can
conclude that the surfaces of sea salts are enriched
in Mg*" ions.

Another remarkable feature, which follows from
our measurements, is the enriched content of Br
ions with respect to the chlorine concentration on
the surface of all crystallized samples. In the bulk
of seawaters the Br:Cl” concentrations ratio is
0.001 for BS and MS, respectively, and 0.009 for
the DS sample while on the sea-salt surfaces this
ratio is measured to be 27, 10 and 2 times higher in
the salts evaporated from BS, MS and DS, respec-
tively (Table 1). Despite the very small bromide
amounts they can be reliably measured by XPS due
to the relatively high photoionization cross-sec-
tions of Br3d (5/2+3/2) electrons, calculated to be
1.68+1.16=2.84, respectively [13]. For comparison
this value is about 5-7 times higher than the cross-
sections of Mg2s and Na2s electrons, respectively,
as it was mentioned above. In addition to the analy-
sis of the results represented in Fig. 2 we should
note here that only for the salt crystallized from DS
water a small amount of Ca?* ions is detected with
corresponding weak peak of Ca3s electron core-
level at 44.8 eV.

To complete the discussion of the surface chemi-
cal composition of sea salts the next intensive pho-
toelectron lines of S2p, CI2p and Ols should also be
considered (Fig. 3). The sulfur amount is detected

Intensity (arb. units)

(a)

P
Fig. 3. Different spectral regions of crystal- 165
lized sea salts: (a) S2p; (b) CI2p; (c) Ols

x1
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only in the salts, crystallized from BS and MS waters.
From the fitted S2p spectra a S2p,, binding energy of
169.9 eV has been derived as well as 2p (3/2—1/2)
spin-orbital splitting of 1.2 eV (Fig. 3a). This energy
shows that the sulphur is in (SO,)*" chemical state
(Fig. 3a) [15]. The (SO,)*:Cl ions concentration
ratio is almost equal (0.14) on the surfaces of both
BS and MS crystallized salts, whereas in the bulk of
seawaters this ratio is about 3 times lower (Table 1).

The spectral ClI2p region is characterized by one
asymmetrical peak containing 2p,, and 2p,, com-
ponents with separation energy difference of 0.7 eV
(Fig. 3b). Although, the peak intensities for different
crystallized salts increase in the order BS<MS<DS,
the chloride concentration remains almost the same
for BS and MS salts and it is higher by approxi-
mately 20% for the DS salt (Table 1). These results
can be convincingly explained making a balance
between the two possible MgCl, and MgSO, com-
pounds, which may exist on the sea-salt surfaces us-
ing the concentrations of Mg, CI" and (SO,)* ions
from Table 1. On the DS salt surface no sulfur is
detected and therefore almost all the Mg?" and CI-
ions are probably included in the MgCl, whereas
on the BS and MS salt surfaces there are ~5-7%
(SO,)* ions and therefore part of the Mg-ions is in-
volved in the form of MgSO, compound. For this
reason the amount of MgCl, compound and respec-
tively CI" ions should be lower than those in DS salt.
This concentration balance leads to the conclusion
that MgCl, and MgSO, compounds may exist on
the surfaces of BS and MS salts in MgCl,:MgSO,
amount ratio of ~3.

For the salts crystallized from BS and MS no
differences are to be seen in their Ols peaks as evi-
denced by the spectra shown in Fig. 3c. Both Ols
peaks are located at 532.5 eV which binding energy
is characteristic of oxygen in organic molecules
and/or (HCO,)™ groups [16], (CO;)* groups [17] as
well as of (SO,)* groups [18]. Therefore the oxy-
gen ions in chemically different environments in
these three groups cannot be resolved based on their
binding energies. For the sea salt evaporated from
the DS water we detect an additional Ols peak at
534.1 eV, which can be attributed to OH~ groups
[19]. As this peak does not exist in the BS and MS
salt spectra and also having in mind that the only
significant difference between the three sea-salt
samples is the presence of Ca’" ions in DS salt sur-
face, one can suppose that the OH™ groups are con-
nected with some compound also containing Ca?".

Sequence of mineral precipitation

As it was demonstrated in the previous sections,
the chemical compositions of the surfaces of crystal-
lized sea salts at 45-55% RH and 25-30 °C showed
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a high concentration of Mg?" ions, whereas the Na*
ion amount was ~6 and ~20 times lower than the
Mg?* amount in the BS and MS salts, respectively.
In addition, the Br:Cl™ and (SO,)*:Cl ion concen-
trations ratios are established to be significantly
higher than that in the bulk of seawaters. These sur-
prising results can be explained by precisely deter-
mined sequence of deposition of the various miner-
als, contained in sea waters. Therefore, to examine
this sequence it is necessary to analyze the amounts
of different ions in the depth of the samples. For this
purpose the sample surface has been “washed” with
deionized water for a short time interval and the
chemical composition of the treated newly formed
surface has also been studied by XPS. Here, we
present the results for the MS salt crystallized under
natural conditions like the samples discussed in Sect.
3.2. The only difference is that the MS salt has been
left for a few months under the conditions of its for-
mation (at 45-55% RH and 25-30 °C), and as a re-
sult, the salt has been humidified. It should be noted
that the original (before washing) and treated surfaces
have been dried in vacuum before the analysis.

The most informative XPS spectra of the original
and treated surfaces are shown in Fig. 4. Obviously,
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Fig. 4. Comparison of low binding-energy regions of
treated sea salts: (a) before “washing” procedure and after
(b) first, (c) second and (d) third lavement, respectively
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Table 2. Surface ion concentrations (at. %) of wetted salt ontained by evaporation of Mediterranean Sea (MS) water
and after three lavements of the salt surface with deionized water

Tons Wetted MS salt I** lavement 2 Javement 3 Javement
(at.%) (at.%) (at.%) (at.%)

Na* 34 12.7 37.8 47.4
Mg** 36.2 31.5 11.4 7.1

K 09 2.6 14 0.8
Ca2 _ ~0 ~0

cl 47.4 359 417 45.7
(SO,7 5.6 12.9 4.7 33
Eggc));?* 5.7 4.0 3.0 2.6

Br 0.8 0.2 0 0

the concentration of Mg-ions is significantly re-
duced after “the washing” treatment, while gradu-
ally the Na2s peak begins to dominate. The 3d peak
of the bromide almost disappears after the first lave-
ment of the salt surface. The concentrations of all
ions are shown in Table 2. The results for the origi-
nal salt surface are in good agreement with those
for MS salt concentration, presented in Table 1,
which shows the good reproducibility of our meas-
urements. Several conclusions can be drawn on the
basis of the results listed in Table 2.

After the first lavement the Mg? ions concen-
tration is slightly reduced while that of (SO,)* is
increased 2 times. Also 25% reduction of CI ions
concentration is observed. The explanation can
be found assuming the presence of a significant
amount of MgSO, immediately below the top sur-
face layers of the salt crystal. After the next steps of
washing Mg** and (SO,)* ion concentrations are de-
creased simultaneously but the Na™and Cl- amounts
increase to a level characteristic of NaCl stoichiom-
etry. Therefore, we believe that after the washing
treatment of the salt surface relatively clean NaCl
crystallites should appear indicating that their for-
mation should be the first step in the crystallization
sequence of the sea salt under natural conditions of
seawater evaporation. Indeed, Table 2 shows that
the concentrations of all ions are decreased except
for those of CI- and Na'. Note, that in these con-
siderations, the differences in the initial dissolu-
tion rates of the various salt components have been
ignored.

Observed differences in DS salt features

Similar study to that, explained in previous sec-
tion, has been performed with the salt evaporated
from Dead Sea water. This salt has been stationed for
five months under laboratory conditions. Because of
the humidity in the room the salt becomes moistur-

ized and has been separated in two volume layers.
The bottom layer in the container consists of wet
precipitated crystallites, whereas above this layer
an aqueous salt solution is observed. The top liquid
layer has been dried first and then studied by XPS.
Its corresponding XP spectrum is shown in Fig. 5
and it is compared with the spectrum of the original
DS salt. The measured concentrations of the Na®,
Mg, K*, Ca?", Cl, and Br~ ions on the surface of the
salt, obtained from the top aqueous layer, are 3.0%,
13.5%, 0.9%, 16.3%, 57.6% and 2.5%, respectively.
In comparison to the original DS salt (see Table 1) the
amounts of Ca?" and Br ions are increased strongly

Mg 2s

Mg 2p

Intensity (arb. units)

4 50 60 70 80 90 100
Binding Energy (eV)

Fig. 5. Comparison of XP spectra of (a) original DS sea
salt and (b) salt received from the top liquid layer as it is
described in the text
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more than 4 and 2.5 times, respectively. Therefore,
we can suggest that these are the ions, dissolved in
the formed liquid top layer, which were originally
located on the salt crystal surface.

CONCLUSIONS

Three sea-salt samples obtained by evaporation
of sea water from the Black Sea, Mediterranean
Sea and Dead Sea, have been studied by XPS. The
highest ion concentrations of about 41-46% are
measured for the Cl™ ions in the BS and MS salts,
and ~57% in the DS salt. In all the samples, the salt
crystal surfaces are enriched in Mg*" ions, while
the bulk is dominated by the presence of Na* ions.
While the Na' ion concentration in the bulk sea
water from BS and MS is 10 times higher than the
Mg?** concentration, on the surface of crystallized
salt phase the Na' ion amount is ~6 and ~20 times
lower with respect to the Mg* amount, respec-
tively. Another remarkable feature is the enriched
content of Br-ions with respect to the chloride ions
concentration on the salt surface, which suggests
that the bromide ions are supposed to be localized
mainly in the top surface layer.

In an attempt to examine the sequence of salt
crystallization we reached the conclusion that the
first step should include the formation of NaCl crys-
tallites followed by creation of a layer containing
mainly MgCl, and MgSO, compounds. This second
layer contains also small amounts of K*, (HCO,)
and (CO,)* groups and also Ca?* in the case of DS
salt. The (HCO,) and (CO,)* concentrations in the
bulk of seawaters are very low: 70-300 times lower
than the bulk concentration of CI ions. It is worth
noting that in the surface layers the (HCO,) and
(CO,)* ion concentrations are only 6—8 times lower
than that of the chloride. These relative high surface
concentrations of the (HCO,)" and (CO,)* groups,
together with the surface localized Br ions, might
play a significant role in the interaction dynamics
on the surface of crystallized sea salts.
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EKCITEPUMEHTAJIHO U3CJIEABAHE HA XUMHWYECKHUA CHCTAB
HA ITOBBPXHOCTTA HA MOPCKA COJI, IIOJIVYEHA TIPU U3ITAPEHUE
HA MOPCKA BOJA B ECTECTBEHU YCJIOBUA

X. Kones!, I'. Tronuen!, X. Xpucros?, K. Koctos?

! Unemumym no kamanus, bvicapeka akademus Ha Haykume
2 Uuemumym no obwa u Heopeanuuna xumus, bvieapcka akademus Ha Haykume

Toctpnmna pespyapu, 2013 r.; mpueta maii, 2013 1.
(Pesrome)

IIpn ecrectBenn armocdepun ycaosust (45-55% RH u 25-30 °C) tpu npoOu OT MOpCKa COJI ca HOIyYeHU Ype3
M3NapeHne Ha Mopcka Boaa ot YepHo mope, CpenuzeMHO MOpe 1 MBPTBO MOpE, ChOTBETHO, CIIE]l KOETO Ca U3CIIe-
Bauu ¢ POC. PesynraTure nokassar, ue HOBbPXHOCTTA Ha coirta € oborareHa ¢ Mg?*' HOHH, KaTO KOHICHTPAIHUSATA
Ha Na' ifioHuTe e ~6 IbTH MO-HUCKA OT Ta3u Ha Mg?" fionute B UepHo Mope U chOTBETHO ~20 IIBTH MTO-HUCKA OT Ta3u
Ha Mg?" iionute B CpeauseMHO Mope. Peructpupano € MmOBHIICHO ChAbpXKAaHUE HAa Br-ioHM HA MOBBPXHOCTHTE HA
BCHYKH KPHUCTAIM3UPAIH MOPCKH COJIM CIPSIMO KOHILICHTpPAIMATA Ha XJIOp. bpoMHUTE HOHM Hali-BEepOSATHO ca JIOKa-
JTM3UPaHU B HA-TOPHUS IOBBPXHOCTEH CJIOW. BeposTHO mbpBaTa CThIIKA Ha KPUCTAIN3AIMOHHUS TPOIEC BKIFOUBA
obpazysaneTo Ha kpuctanu oT NaCl, mocieBaHo OT Ch3JaBaHETO Ha CJIOH, chabpykan] npexumuo MgCl, u MgSO,
ceenunaeHns. OcBeH ToBa, To3u cioid crabpika K itonu, (HCO,)' u (CO,)* rpymu, a ceio u Ca?' iioHU B ciayyast Ha
cost o MbepTBO MOpe. Ha moBspxHOCTTa Ha 00pasuurte kKoHueHTpamuure Ha (HCO,)' u (CO,)* iioHn ca OTHOCHTEIHO
Bucoku. Ciez0BaTenHo, Te31 HOHMU 3a€HO C JIOKAIN3UPAHUTE Ha MTOBBPXHOCTTAa BI™ aHMOHM MOTaT Aa UrpasT BakHa
poJIs B TMHAMHKATa HA B3aUMOJICHCTBUATA BbPXY MOBBPXHOCTHTE HA KPUCTAINZUPAIUTE MOPCKHU COJIH.
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We used classical molecular dynamics simulation method to investigate physical factors responsible for the in-
creased thermal stability of proteins from thermophilic and hyperthermophilic organisms. Subject of investigation
were two pairs of homologous proteins from the functional classes of: 1) cold shock proteins from Escherichia coli
(mesophilic) and Bacillus caldolyticus (thermophilic) and 2) acylphosphatases from Bos faurus (mesophilic) and
Pyrococcus horicoshii (hyperthermophilic). The simulations were performed for three different temperatures: 298 K,
373 K and 500 K. The results confirmed the common opinion that salt bridges and internal hydrogen bond networks
stabilize thermostable proteins at high temperature. In addition, we found that at high temperatures the packing de-
fects, in terms of cavity formation, increase with a preference to the mesophilic protein. Since cavities are a desta-
bilizing factor, we conclude that due to specific packing organisation of proteins of extremophilic organisms, these
proteins are more resistant to temperature induced cavity formation, which contributes to their enhanced tolerance

towards increase in temperature.

Key words: Thermostability, extremophiles, molecular dynamics, packing defects.

INTRODUCTION

Proteins from thermostable organisms are char-
acterized by higher thermal stability in compari-
son with their mesophilic counterparts. The most
discussed factors contributing to thermal stability
of proteins are the optimization of electrostatic in-
teractions [1], the optimization of protein-solvent
interactions [2], salt bridges and hydrogen bond
networks [3, 4]. Molecular packing and reduction
of packing defects (cavity formation) can also be
considered as a factor involved in the mechanism of
thermal stabilization of proteins [5].

There are a few overall structural characteris-
tics that discriminate proteins from mesophilic and
(hyper)thermophilic organisms such as amino acid
content, secondary and quaternary structure. These
differences preferably occur at the protein-solvent
interface rather than in the protein interior. Polar
non-charged residues in thermophilic proteins
have been found to change into glutamate and
lysine and non-polar amino acids to substitute iso-

* To whom all correspondence should be sent:
E-mail: esalamanova@bio21.bas.bg
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leucine [6]. In hyperthermophiles, isoleucine and
to a lesser extent valine residues have been proved
to form most of the hydrophobic contacts of the
structurally conserved regions [7]. The second-
ary structure accounts for a larger fraction of resi-
dues with a-helices and B-strands conformations
in the thermophilic proteins. Consequently, it has
been discovered that the content of lower struc-
tured irregular regions is smaller in thermophiles
[8]. The comparison between Fe-Superoxide dis-
mutases (Fe-SOD’s) has revealed that the ther-
mophilic counterparts have fewer and longer
loops, more a-helices and turns, and decreased
length of B-strands [9]. a-Helices have showed to
be involved in the greater apolar contact area in the
hyperthermophilic proteins. Despite all the differ-
ences in amino acid contents and secondary struc-
tures, there are practically no or very small differ-
ences in the three-dimensional organization of the
homologous mesophilic/thermostable proteins.
The above observations, however, do not reveal
in detail the driving forces responsible for the shift of
the melting point to higher temperature of proteins
from (hyper)thermophilic species. Since the chemi-
cal content of these classes of proteins is practically
the same, the answer to the question of thermal sta-
bility should be sought in the delicate balance of

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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non-covalent interactions. Vogt et al. [10] have in-
vestigated 16 families of proteins in which 80% have
manifested correlation between the thermal stability
and the increase in the number of internal hydrogen
bonds, salt bridges and existence of polar surface.
These authors have found that proteins connect to
22 extra solvent molecules per 10 °C rise in melting
temperature by increasing their polar surface area.
It has also been found that the increase in the in-
ternal hydrogen bonding in thermophilic proteins is
mainly due to links between buried donor/acceptor
pairs belonging to the main chains. The abundance
of stable intermolecular and intramolecular hydro-
gen bonds has been found to attribute to the me-
chanical rigidity of the proteins, a factor enhancing
their thermal stability [11]. In thermostable proteins
a large number of side chain alternative H-bonds are
formed with rise in temperature[12].

The electrostatic interactions have been found to
have an important role for the thermal stability of
proteins, especially in increasing the number of the
salt bridges [13]. Danciulescu et al. [14] have inves-
tigated the electrostatic interactions calculating the
free energy contributions for the nucleotide-binding
domain of homologous mesophilic and hyperther-
mophilic Glutamate dehydrogenises from E. Coli
and 7. maritima. The mobility and the dynamics of
the salt bridges proved to be crucial. According to

Fig. 1. X-ray crystal structures of
the investigated proteins: a) M-csp;
b) T-csp; ¢) M-acp and d) H-acp

their calculations the specific heat capacity of the
hyperthermophilic protein is higher than the heat
capacity of the mesophilic one.

In our earlier investigations we have noticed
that protein from (hyper)thermophilic organisms
are characterized by somewhat lower packing den-
sity [5]. We have also confirmed that the packing
defects in term of cavity formation are reduced in
(hyper)thermophilic proteins. Hence, the destabi-
lizing effect of the cavities is diminished in these
proteins. These results, as well as the vast major-
ity of the conclusions discussed above, are based
on three-dimensional X-ray protein structures. It is
well documented that proteins in solution are dy-
namic and occupy more than a single conformation.
It is interesting to see to what extent the above ob-
servations can be confirmed when dynamic proper-
ties of proteins are taken into account. For this pur-
pose we employed MD simulation for two pairs of
homologous proteins from mesophilic and (hyper)
thermophilic organisms. The first homologous pair
consists of the cold shock proteins from Escherichia
coli (mesophilic, in the following abbreviated as
M-csp) and Bacillus caldolyticus (thermophilic,
T-csp) and 2) acylphosphatases from Bos taurus
(mesophilic, M-acp) and Pyrococcus horicoshii
(hyperthermophilic, H-acp). The structures of the
two pairs are illustrated in Figure 1. As seen, the
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three dimensional similarity within the pairs is re-
markable, nevertheless the unfolding temperatures
differ dramatically (see also Table 1).

Their X-ray structures were downloaded from
Protein Data Bank (PDB) [15]. Our results are in
accord with the common opinion that electrostatic
interactions and hydrogen bonding are important
factor for the thermal stability of proteins from ex-
tremophiles. The average percentage of occupancy
per amino acid pair, participating in a salt bridge
and per hydrogen bond in hyperthrmophilic pro-
teins has showed distinct separation compared to
the mesophilic and thermophilic proteins. The
hyperthermophiles formed longer-lasting, stable
hydrogen bonds. In addition, we have shown that
thermophilic and especially hyperthermophilic
proteins from the investigated pairs are more re-
sistant towards temperature induced cavity forma-
tion. Since cavities are destabilizing component of
protein structure, we conclude that proteins from
thermophiles gain stability via diminishing tem-
perature induced cavity formation.

COMPUTATIONAL METHODS

Classical Molecular Dynamics (MD) simula-
tions were carried out for two pairs of homologous
proteins. The biological units of the mesophilic
proteins are monomers, whereas those of the ther-
mophilic and hyperthermophilic proteins are dim-
ers. For the consistency of our calculations only the
monomers were used.

The possible contribution of intermolecular in-
teractions within the tertiary structures to thermal
stability is out of the scope of this study.

Based on the sequence analysis performed us-
ing BLASTP algorithm [16], we found that the
thermostable cold shock protein and the acylphos-
phatase have a structural identity with their mes-
ophilic counterparts of 92% and 84%, respectively.

All the MD simulations were performed, using
GROMACS v.4.5.3 [17, 18] with CHARMM?27
force field [19] and TIP3P explicit water model

[20]. The systems were set up in dodecahedron
boxes with Inm distance between the sides of the
box and the protein surfaces. Water molecules were
added, along with sodium (Na®) and chloride (CI")
counter ions in order to achieve ionic strength of
0.1 M. The systems were minimized using Steepest
Descent method. The restraints of the atoms were
released at three stages: 1) the minimizations were
performed with all non-hydrogen atoms, restrained
with 500 kJ/mol/nm?; 2) only non-hydrogen atoms
of the main chain restrained with 200 kJ/mol/nm?
and 3) the minimizations were performed with-
out position restraints. Next, MD simulations were
conducted in periodic boundary conditions, in NVT
ensemble. The systems were heated by 10 K every
2 ps to the desired temperatures: 298, 373 and 500 K.
For the purpose of keeping the temperature con-
stant, Berendsen thermostat was used. The constant
temperature MD simulations were performed using
leap-frog integrator with 2 fs time step. The hy-
drogen atoms were constrained with LINKS algo-
rithm, implemented in GROMACS. The length of
simulations was 6 ns at 298 K and 10 ns at 373 K
and 500 K.

The analysis of the trajectories with rmsd, the
salt bridges and hydrogen bonding evaluation was
processed with VMD [21]. The secondary X-ray
structure of all the molecules was investigated with
STRIDE [22].

For the purposes of this study we define a void
as room within the protein moiety which is inac-
cessible to the solvent and small enough so that no
solvent molecules can be situated there. Cavity is an
internal space in the protein where at least one sol-
vent molecule can be introduced. The identification
of voids and cavities as well as their volumes were
calculated using the method and the parameters de-
scribed earlier [5].

Salt bridge/hydrogen bond and void/cavity for-
mation were calculated taking 50 snapshots over the
last 2 ns of the MD simulations at all temperatures.
The length of simulation at 298 K was 6 ns, during
which time the protein structures reached equilibri-
um. The high temperature simulations were stopped

Table 1. Mesophilic/thermophilic and mesophilic/hyperthermophilic pairs

Organism Functional class :rll?r}?/ Name er::sl}gflre:f Biolll(r)lfi;ti cal Meltingr:‘e[r(r)l g]erature,
Escherichia coli Cold shock protein IMJC M-csp 69 Monomer 57.60 [31]
Bacillus caldolyticus Cold shock protein 1C90 T-csp 66 Dimer 76.90 [32]
Bos taurus Acyl-phosphatase 2ACY M-acp 98 Monomer 53.80 [33]
Pyrococcus horicoshii ~ Acyl-phosphatase 1W2I H-acp 91 Dimer 111.50 [25]
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at 10 ns when they began to show increased devia-
tions from the X-ray structure in the last 2 ns. For
the analysis of the results, we took the averages of
the rmsd values when the temperature perturbation
starts to affect the protein structure. Then the first
step of denaturation occurs and the structures leave
their equilibrium conformation(s).

The assessment of salt bridge and hydrogen
bonds formation was made of the basis of a cut-off
distance of 3.6 A and 3.2 A respectively, whilst the
cut-offs of 40° and 20° of the acceptor-donor-hy-
drogen angle (according VMD nomenclature) were
used. Data were collected over the last 2 ns of the
simulation.

RESULTS AND DISCUSSION

Rmsd and rmsf (root mean square deviation and
fluctuation) analysis. The average rmsd values for
the non-hydrogen atoms of the proteins simulated at
different temperatures are summarized in Table 2.
At almost all simulated temperatures the T-csp and
H-acp proteins were characterized by smaller chang-
es in the average rmsd values than their mesophilic
counterparts, which relates to their greater structural
stability. The fluctuations of residues in the structures
were investigated by calculating the rmsf for the non-
hydrogen atoms from an average structure for the last

2 ns at all temperatures. Structural elements fluctuat-
ing more than the threshold of 0.15 nm are presented
in Table 3. During the last 2 ns of the simulations all
the proteins fluctuated at distance-separated unique
residues with preferably highly mobile, solvent-ex-
posed secondary structures such as turns and coils.
Fluctuations in a-helices and B-strands were either in
their beginnings or ends where they are followed or
preceded by the mobile residues.

At 373 K the difference in rmsd values of the
cold shock proteins was minimal (M-csp-2.105 A
and T-csp-2.002 A). The rmsf per residue involved
fluctuation in coordinates of coils, turns and a
B-strand (Glu56) in M-csp and well-structured el-
ements as parts of B-strands (Lys5, Gly23-Ser24;
GIn53- Gly54 and Lys65) in T-csp. The rmsf dif-
ference between the M-acp and H-acp acylphos-
phatases at 373 K became 0.244 A. The alternations
in M-acp consist of fluctuations in turns, a-helices
(Lys31; His60; Lys68) and B-strand (Arg77). In
H-acp the fluctuating regions were mostly parts
of B-strands and o-helices (Argl3, Arg28, Leu53,
Arg70, Arg77).

At 500 K M-csp experienced greater structural
fluctuations in larger number of residues than its
thermophilic homolog. The change in coordinates
preferably included big blocks of B-strands and
a visual loss of its 3—10 helix structure (Phe34-
Ala36), which was transformed into a turn and

Table 1. Average rmsd and standard deviation (sd) values of the non-hydrogen atoms from the X-ray structure of
the M-csp/T-csp and M-acp/H-acp homologous pairs at 298 K, 373 K and 500 K

Protein  Average rmsd [A] Average rmsd [A] Average rmsd [A]  Average Armsd [A]  Average Armsd [A]
at 298 K at373 K at 500 K (298K-373K) (298K-500K)

M-csp 1.915+0.260 2.105+0.219 2.635+0.468 0.190 0.720

T-csp 1.515+0.206 2.002 +£0.272 2.418 +£0.287 0.487 0.903

M-acp 1.231 +0.089 1.684 +0.197 2.815+0.675 0.453 1.584

H-acp 1.356 £ 0.199 1.440+0.133 1.849 +0.308 0.084 0.493

Table 3. Total number of amino acid pairs, participating in the formation of salt bridges and their population over

50 frames of the last 2 ns of the simulations

Total number of amino acid pairs participating in

Average occupancy of salt bridges per amino acid

salt bridges pair [%]

Protein Id 298 K 373K 500 K 298 K 373K 500 K
M-csp 1 3 5 40.38 35.9 18.46
T-csp 6 6 11 42.66 49.36 27.97
M-acp 6 9 17 52.20 38.46 25.11
H-acp 17 16 20 54.44 59.62 39.13
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coil. The flexibility of a turn (Asn39- Tyr42) and
a bend (Ser57- Pro62) caused larger deviation from
the X-ray structure and distortion of the structure.
During the simulations similar changes were ob-
served for T-csp, which also fully lost one of its
3-10 helix (Asnll- Lys13) and partially another
3-10 helix (Phe30- Ala32) structures to irregular re-
gions (turn and coil).

The second pair of proteins, which has difference
in the melting temperatures bigger than the first ho-
mologous pair, showed significant separation in the
rmsd values (~ 1 A). The mesophilic protein reached
higher rmsd values especially in the last 2 ns of the
simulation- consistent with changes in the secondary
structure and initial stage of denaturation. The main
change in the secondary structure in M-acp was in
one B-strand (Ile75- Val85). In some of the snap-
shots the B-strand was disrupted in residues His81,
Asn82 and Glu83. Residues from another B-strand
and residues close to the N- and C- termini (Asn41,
Tyrll, Val85) manifested high fluctuations. These
structural deviations are displayed as major peaks in
Figure 2c. The major difference between the X-ray
of H-acp and the simulated structure at 500 K was in
B-strand and a-helix (Tyrl1- Argl3; Trp21; Arg25;
Arg28; GIn64, Arg70- Arg73).

The Armsd values in Table 2 were calculated as
difference between rms deviations of the simulated

— M-csp 298K
-~ M-csp 373K
- M-csp 500K

rmsf, [am]

14
kS

structures at 373 K and 500 K and the average rms
deviations of the equilibrated molecule at 298 K.
The average Armsd of H-acp does not show large
deviation in coordinates from the equilibrated struc-
ture at 298 K unlike the other simulated proteins.

In the acylphospatase pair the fluctuations
around the average structure over the trajectory of
the hyperthermophilic protein, were smaller in aver-
age than its mesophilic counterpart.

The 1MJC/1C90 pair are proteins with small
molecular weight per chain (7280 Da and 7547
Da) [23, 24], without or with small hydrophobic
cores, which would lead to high, close rates of fluc-
tuations for both structures. Fluctuation difference
should be sought in the M-acp/H-acp pair (weights
of 11.326 kDa and 10.369 kDa per chain) [25, 26].
The mesophilic proteins are less fluctuating at 373
K with change in position mainly in irregular re-
gions compared to their thermostable counterparts,
where the fluctuations occur mostly in a-helices and
B-strands. Therefore, the thermostable proteins are
more mobile at moderately high temperatures (373
K) without experiencing overall significant distor-
tion in structure at 500 K.

Salt bridges and internal hydrogen bonds. The
number of salt bridges for the homologous pairs of
proteins was calculated over the last 2 ns of the MD
trajectories for 298 K, 373 K and 500 K (Table 3).

— T-csp 298K
== T-csp 373K
- T-csp 500K

o
S

rmsf, [nm]

Residue Id

a)

— M-acp 298K
i -~ M-acp 373K
061 | - M-acp 500K

rmsf, [nm]

Residue Id

b)

— H-acp 298K
-- H-acp 373K
06 - H-acp 500K

o
kS

rmsf, [nm]

Residue Id

¢)

0 20 40 60 80 100
Residue Id

d)

Fig. 2. Average rmsf plots per residue for the last 2 ns of the MD simulation at 298 K, 373 K and 500 K: a) M-csp;

b) T-csp; ¢) M-acp and d) H-acp
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Fig. 3. Average population of salt bridges per amino acid pair at 298 K, 373 K and 500 K in mesophilic M-csp (dashed
line) and thermophilic T-csp (dash-dotted line) cold shock proteins and mesophilic M-acp (dotted line) and hyperther-

mophilic H-acp (solid line) acylphospatases

As expected [2] the proteins from thermostable or-
ganisms are characterized by a larger number of salt
bridges than their mesophilic counterparts (Table 3).
Since salt bridges are dynamic formation, i.e. they
may break and form during simulations [27, 28], the
quantity relevant for the structural stability of pro-
teins is their lifetime. As seen in Figure 3 and Table
3 there is a weak tendency the proteins from the
extremophilic organisms to have a longer lifetime
at room temperature. Due to increasing of the ki-
netic energy when temperature increases the overall
salt bridge lifetime (occupancy) reduces. However,
this reduction is lower for the thermostable and es-
pecially for the hyperthermostable protein. Hence,
the role of salt bridges as stabilizing factor is less
reduced in proteins from (hyper)thermophilic or-
ganisms. The physical foundation of this effect has
been discussed [29]. Based on X-ray structure and
continuum dielectric model it has been shown that
due to reduction of permittivity of solvent water, the
charge-charge interaction energy increases, whereas
the desolvation penalty reduces. These two factors
increase the stabilization effect of electrostatic in-

teractions. In this work we illustrate the same effect
using more detailed representation of the protein/
solvent system, including structural flexibility of
the protein molecule.

In contrast to salt bridges, the number of in-
tramolecular hydrogen bonds at room temperature
practically does not differ within the counterparts
of the two types of investigated proteins (Table 4).
This reflects the similarity of the three-dimensional
structures of the counterparts. As mentioned above,
the measure of the contribution of hydrogen bonds
to structural stability is their lifetime (the occupan-
cy) rather than their number. Similarly to salt bridge
occupancy, that of intramolecular hydrogen bonds
reduces with temperature. However, in this case the
reduction is practically the same for all four pro-
teins under consideration (see also Figure 4). The
thermostable protein shows a bit longer average
lifetime at 500 K MD simulation run, however the
difference between the counterparts is too small to
make general conclusion. In the case of Acp pair,
the average hydrogen bond lifetime for the hyper-
thermophilic protein at 500 K simulation is about

Table 4. Values of the hydrogen bonds for the proteins at all the simulated temperatures for 50 frames

of the last 2 ns of each of the simulations

Total number of hydrogen bonds

Average occupancy per hydrogen bond [%]

Protein Id 298 K 373K 500 K 298 K 373K 500 K
M-csp 62 66 103 30.02 24.07 12.19
T-csp 60 83 97 30.71 22.10 14.71
M-acp 102 130 167 32.13 22.71 14.19
H-acp 100 107 127 33.73 28.59 18.88
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Fig. 4. Average population per hydrogen bond at 298 K, 373 K and 500 K in mesophilic M-csp (dashed line) and
thermophilic T-csp (dash-dotted line) cold shock proteins and mesophilic M-acp (dotted line) and hyperthermophilic

H-acp (solid line) acylphospatases

25% longer than that for the mesophilic counterpart.
Thus, on the basis of the two pairs of proteins we
conclude that in the case of meso/thermophilic pair
the contribution of intramolecular hydrogen bonds
to protein thermal stability is not so pronounced as
that of salt bridges. We hypothesise that the hydro-
gen bonding is “used” as stabilising instrument for
hyperthermophilic proteins.

Void volumes and cavities. Voids and cavities
are integral characteristics, which result from all
non-covalent interactions, as well as from the ami-
no acid content of the protein molecules. It is well
documented that amino acid substitution leads to
cavity formation, which reduces the stability of the

protein molecule [30]. In general, cavities are con-
sidered as packing defects destabilizing the native
structure. Voids also may lead to decreasing of
the thermal stability, due to reduction of Van der
Waals interactions. On the other hand, voids make
folded protein structure to tolerate the increase of
vibrational entropy with elevation of temperature.
It is a general question to investigate to what ex-
tent thermo- and hyperthermophilic proteins can
be discriminated from their mesophilic counter-
parts in terms of voids and cavities.

The calculated void and cavities volumes are pre-
sented in Table 5. The void volumes remain almost
unchanged in the simulation at 298 K and 373 K. In

Table 5. Average number of cavities and void volumes per atom over 50 frames of the last 2 ns of the MD
simulations at 298 K, 373 K and 500 K. In brackets are given the calculated void volumes per atom/average
number of cavities/cavity volumes over the last 2 ns of additional 5 ns simulations for H-acp

M-csp mesophile

T-csp thermophile

Average . Average .
Temperature number of Average czgx;ty V.. /atom [A%] number of Average C?&Vslty vaié a;tom
(K] cavities volume [A’] cavities volume [A’] (A
298 0.57 14.35 3.76 0.96 14.14 3.92
373 1.80 21.23 3.90 0.73 15.19 3.86
500 1.92 18.13 3.77 1.75 17.11 391
M-acp mesophile H-acp hyperthermophile
Average . Average .
Temperature number of Average c22/31ty V.. /atom [A%] number of Average C?&V;lty Vvoid/a;tom
(K] cavities volume [A’] cavities volume [A’]
298 1.78 12.92 4.19 1.35 14.24 4.15
373 2.39 17.41 4.18 1.96 14.78 4.17
(1.66) (17.45) (4.15)
500 4.10 13.90 3.06 2.29 21.47 4.00
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the case of the 500 K MD simulations, the mes-
ophilic M-acp showed dramatic reduction of the
void volume. The same tendency but with smaller
magnitude is observed for the mesophilic M-csp. It
can be attributed to initiation of unfolding at which
the protein interior becomes accessible to the sol-
vent. The overall similarity of void volumes within
the two pairs suggests that this parameter does not
reveal difference between mesophilic and (hyper)
thermophilic proteins.

The number of cavities gradually increases
with temperature in all investigated proteins. This
dependency on temperature is clearly pronounced
for the mesophilic proteins. Another interesting
feature uncovered by the computations is that, for
these proteins the increase in the cavities’ number
and volume is observed already at 373 K, compared
to the thermostable proteins, where this change oc-
curs at 500 K. The larger structure of H-acp needed
to be simulated longer for this phenomenon to be
observed. Therefore, we performed MD simula-
tions with H-acp at 373 K for 5 more nanoseconds,
and collected statistics over the last 2 ns. The void
volumes and average number of cavities changed
their values from 4.17 A’ and 1.96 to 4.15 A*and
1.66, respectively. These results suggest that ther-
mophilic and hyperthermophilic proteins are char-
acterized by structural organization resistant to
temperature induced packing defects. This resist-
ance correlates with the melting temperatures of
the investigated proteins.

CONCLUSIONS

Our comparative computational study on two
homologous pairs of mesophilic- thermophilic/
hyperthermophilic proteins showed that the mole-
cules from the extremophilic species have a larger
flexibility than that of the mesophilic counterparts.
It has been observed that the number of charged
groups participating in salt bridges increases, as
obeying the correlation mesophilic<thermophili
c<hyperthermophilic proteins. In parallel the re-
duction of salt bridge lifetimes at high temperature
is less for the proteins from extremophiles, hence
salt bridges as stabilising factor are more resistant
towards increasing of temperature. It was hypoth-
esized that the hydrogen bond network becomes
relevant stabilizing factor in hyperthermophilic
proteins, whereas for the thermophilic species
its stabilizing role is not pronounced. Finally, the
results have showed that thermophilic and hyper-
thermophilic proteins are characterized by struc-
tural organization resistant to temperature induced
packing defects.

Acknowledgements: This work was financially sup-
ported by the Bulgarian National Research Fund
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®U3NYHU OCHOBU HA TEPMUYHATA YCTOMYMBOCT HA ITPOTEUHU:
CPABHUTEJIHO U3CJIEABAHE HA XOMOJIOXHU JIBOMKU
OT ME30®U1JIHN U TEPMO®UJIHA OPI"TAHU3MU

E. K. Canamanosa*, [I. T. [loneBa, A. JI. Kppunkos

Unemumym no monexynspra o6uonoeus ,, Axao. Pymen Llanes”, bAH,
yia. ,,Akao. I'eopeu bornues ™, 6n. 21, 1113 Coghus

TocTenmna despyapu, 2013 r.; npuera maii, 2013 r.

(Pesrome)

3a nscnenBane Ha (GU3NUHKUTE (HAKTOPH, OTTOBOPHHM 32 MOBHUIIIEHA TEPMHUYHA CTAOMIIHOCT Ha OENTHIN OT TEPMO-
GUIHN 1 XUOEePTePMO(UITHE OPTaHU3MHU, H3MOI3BaXME CUMYJIAIOHEH METO, 6a3upaH Ha KIaCHYECKaTa MOJICKYJI-
Ha JauHamMuKa. [Ipenmer Ha W3cieqBaHETO ca JBE IBOMKH XOMOJIOKHH OEJNTHLU OT (hYHKIMOHAIHUTE KJIACOBE Ha:
1) ,,cryn—ctpec™ (cold shock) 6entbuu ot Escherichia coli (me3odunen) u Bacillus caldolyticus (tepmoduier) u
2) auun docdarazu ot Bos Taurus (me3oduieH) u Pyrococcus horicoshii (xuneprepmoduien). [Iposenenu Osixa
CHMyJIallMU Ha OeNTBUUTE NP TPU pazauyHu temneparypu: 298, 373 u 500 K. Pesynrarure norsbpanxa odmoro
MHEHHE, Y€ COJIEBU MOCTOBE U MPEXH OT BHTPELIHOMOJIEKYJIHU BOJIOPOIHU BPB3KU CTaOMIIM3UpAT TEPMOCTAaOMITHUTE
OenThlM NP BHCOKA TemIlepatypa. B JombiHeHHe HHE YCTAaHOBUXME, Y€ TPH ,,BUCOKH™ TeMIepaTypH Ae(eKTHTe
Ha MakeTHpaHe ce yBeJau4aBaT (4pe3 popMupaHe Ha KyXHHH), Hali-oce3aeMo Npu Me3opuiHuTe OenThiy. Thil KaTo
KyXUHHUTE ca Jectabmin3upal pakrop, HUe CTUIHAXMe JI0 3aKJII0YEHUETO, Y€ 0COOCHOTO OIaKOBaHE Ha OENTHLU OT
eKCTpEeMO(UITHE OPraHU3MH, MO-YCTOHYMBU KbM TEMIIEPATYPHO-UHIYIHUPAHOTO (POPMHUPAHE HA KyXHHH, JOTPUHACS
3a Mo00psIBaHe Ha TAXHATA TOJNICPAHTHOCT KbM BHCOKA TEMIIEpaTypaTa.
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Different types of isomorphic substitutions in the apatite structure are well known, as the substitution of PO, by
CO;-ion is the most common. This specifies the existence of various members of the apatite isomorphic series.

Carbonate-hydroxyl-flour apatite sample (B-type with Ca/P ratio >1.67) from Tunisia sedimentary phosphorite ore
deposit are investigated.

The high energy milling is an environmentally friendly technological alternative for ore processing, to the con-
ventional acid leaching methods. The high energy milling creates defects in the apatite structure with simultaneous
accumulation of mechanic energy. The impact of the mechanical forces over the solids is mostly revealed through the
changes of the quantities being related to the energetic stability and reactivity of the solid phase. Under high energy
milling process the isomorphic substitution increases mainly of on the account of CO, and partly of water vapor.

Thermal with gas-mass analysis in the temperature interval 600-900 °C in air medium has been used to evaluate
the achieved effect of the high energy milling on the positional redistribution of CO;-ions and the structural phase-
transformations occurring in the investigated sample. The experimental analysis shows liberation of CO,-ions in three
temperature stages with varying mass losses. Peaks intensities are determined from the high energy milling effect, the

high temperature heating and the gas medium during the measurements.

Key words: high energy milling, apatite, structure.

INTRODUCTION

Different types of isomorphic substitutions in the
apatite structure are well known. The end members
of the apatite (Ap) isomorphic series are hydroxyl-
apatite (HAp), flour-apatite (FAp) and chlorine-
apatite (ClAp) [1-3]. Two types of substitutions
are the most common: (i) PO, by CO,-ions in tet-
rahedral position (B-type position of CO,) and (ii)
F by OH (CIl") and and vice versa in the channels
located nearby the hexagonal crystallographic axes
[2]. This specifies the existence of various members
of apatite isomorphic series: carbonate-flour apa-
tite (CFAp), carbonate-chlorine apatite (CCIAp),
carbonate-hydroxyl-flour apatite (CHFAp), etc.
Under high energy milling process the isomorphic
substitution increases mainly through incorporation
of CO, and partly of water vapor [2, 4, 5].

* To whom all correspondence should be sent:
E-mail: vilmapetkova@gmail.com

Previously we investigated the phase transi-
tions of sedimentary apatite ores from Tunisia and
Syria, using Infra-Red spectroscopy (IR) and pow-
der X-Ray Diffraction (XRD), and the results show
the isomorphic transitions from B- to A-type apatite
through positional migration of CO{ -ions (from tet-
rahedral B-type to channel A-type position of CO,,
where CO, occupy the OH/F~ position in channels
located nearby the hexagonal crystallographic axes
[2]) and F additional incorporation of CO, from the
air during the high energy milling [2, 4-6]. The in-
corporated CO, occupy the A-type position of CO,.
The high energy milling activation also leads to de-
creasing of samples particle size and formation of
highly defective nano-particles with high degree of
reactivity. The obtained nano-samples are under-
sized (amorphous) for investigation with powder
XRD, so the identification of the phase composition
is not possible by this method.

The aim of the study is to evaluate the achieved
effect of the high energy milling on the possitional
migration of COs-ions and the structural phase-
transformations occurring in the investigated sam-
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ple — natural fluorine-apatite (FAp) from Tunisia
using thermogravimetric and differential thermal
analyses with attendant mass-spectrometer analysis
of the gas phases.

MATERIALS AND METHODS

We investigated FAp (with Ca/P ratio >1.67)
from Tunisia sedimentary phosphorite ore depos-
it [8, 9]. The chemical composition of the mate-
rial includes (main components): 29.6% P,0,%;
from which assimilated (ass.) is 6.9% P,0.* (by
2% citric acid); 3.5% F; 46.5% CaO; 0.55% R,0,
(R =Al, Fe); 1.1% SO;; 1.9% SiO,; 0.35% MgO;
0.05% CI; 6.6% CO,; moisture content 3.14% and
a granulometric size of the particles of 0.8 mm.
There are different forms of P,O, — water-soluble,
assimilable, and insoluble in water. They are re-
flected in the application of P,O4 as a phosphate
fertilizers. The assimilable forms of P,O*" are in-
soluble in water but are soluble in soil solutions.
Evaluation of the forms of P,O; is performed on
the basis of their solubility in the so-called condi-
tional solvents — solution of ammonium citrate or
2% solution of citric acid. The choice of the rea-
gent is based on its similarity with the soil solu-
tions. In the resent years greater advantage is given
to the assimilable fertilizers because their solubil-
ity is slower than that of the water-soluble ones
and thus they feed the plants for a longer time. The
method used for high energy milling is intended to
enhance the transformation of the insoluble forms
of P,O;, in P,O*.

The high energy milling activation was carried
out in a planetary mill Pulverisette-5, Fritsch Co

(Germany), for activation times 120 and 150 min,
milling bodies of unalloyed steel, diameter of the
milling bodies of 20 mm, and a sample weight
0.020 kg.

Thermogravimetric and differential thermal
analyses (TG-DTG-DTA) were performed on
a SETSYS2400 thermal analyzer (SETARAM,
France) in the temperature range 20-950 °C in air
medium, with a heating rate of 10 °C.min"' com-
bined with an OmniStar mass-spectrometer.

RESULTS

Our previous powder XRD studies on untreated
phosphorite ores from Tunisia have given evidence
that the sample contains the following mineral
phases: FAp, calcite and traces of quartz [10]. Our
earlier IR measurements have confirmed that the in-
vestigated FAp actually is CHFAp B-type, where
two types of isomorphic substitution take place:
PO; -group by COZ -ions and F- by OH -ions [5, 11,
12, 13]. The thermal decomposition mechanism of
untreated sample is described in details elsewhere
[9, 11-13]. In this work we are focused on the ther-
mal reactions in the temperature interval 600900 °C
only, where decarbonization of CO,-ions from the
CHFAp-structure and impurity carbonate-contain-
ing phases occurs.

The obtained results of the present thermal in-
vestigations are shown on Figs 1-3 and in Table 1.

Table 1 shows the results from the thermal ex-
periments (temperature data for the inflex points)
together with calculated mass losses for the three
samples: untreated (TF0), high-energy milled for
120 min (TF120) and for 150 min (TF150), respec-

Table 1. Multi-peak fitting of dTG-curves for untreated and high energy milled samples within the temperature

interval 600-850 °C

Activation time (min)

Thermal Untreated apatite (TF0) 120 (TF120) 150 (TF150)

decomposition of

mineral phases Peak = poak ML, Peak Peak ML, Peak Peak ML,

position, area % position, area % position, area %
T°C T°C Te°C

A-type CHFAp - - 613.73 -3.73 0.49 630.32 382 0.2

B-type CHFAp 7012 —18.54 1.70 673.28 -16.22 1.65 ggg'ig 7141“1‘3 g'zg

CaMgCO; (dolomite) 7240  —1.68 0.80 74197 470 0.70

CaCO; (calcite) 7737 847 1.66 74132 1019 087 770.67 -5.81 091

798.85 —7.14 0.55 810.1 38 046

A-B type CHEAp B B B 816.40 350 081 828.5 52 086

Sum 423 Sum 437 Sum  4.06

* Mass losses
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Fig. 1. Thermal with gas-mass analysis of TFO. /nsertion:
Multi-peak fitting (dashed line) of dTG in temperature
interval 600-850 °C.

tively. There exist three main temperature intervals
for TFO, where thermal reactions are accompanied
by mass losses as following: 1.70% between 650—
720 °C, 1.07% between 720770 °C and 1.66% be-
tween 770-850 °C. At high energy milled samples
appear two new temperature ranges 620-650 °C
and 770-850 °C. The range 770-850 °C coincides
with the third range for the TFO (770-850 °C) but
differs in new thermal reactions proven in a ther-
mal dependencies (TG, dTG, dTA) and mass losses.
The analysis of thermal dependencies for TF120
and TF150 shows overlapping of the thermal re-
actions. The gas-mass analysis shows existence of
CO, in all samples (Figs 1-3) and H,O — only for
the TF120 (Fig. 3). For more detailed visualization
of these processes, the Gauss decomposition of the

dTG-curves is made and the results are presented as
insertions in the figures.

DISCUSSIONS

Within the investigated temperature range (600—
850 °C) the decarbonization from CHFAp — B-type,
calcite and dolomite occurs [2, 7, 9, 11-13]. For
sample TFO (Fig. 1), peak situated at 701 °C cor-
responds to decarbonization of CHFAp — B-type
positions, the peak at 724 °C — to CO, —ions from
dolomite and the peak at 773 °C — to CO,—ions from
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Fig. 2. Thermal with gas-mass analysis of TF120.

Insertion: Multi-peak fitting of dTG in temperature
interval 600—850 °C.
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Fig. 3. Thermal with gas-mass analysis of TF150.
Insertion: Multi-peak fitting of dTG in temperature in-
terval 600-850 °C.

calcite (Table 1). The decarbonization of B-type po-
sition proceeds at lower temperatures because of the
weak chemical bonds in CHFAp, predetermined by
isomorphism of PO, by CO,, as the ionic radii of
PO,-group is bigger than that of CO;-ion [2].

The high-energy milled samples changed the
temperature of decarbonization in comparison to
TFO:

— for the ions of B-type position: in TF120 tem-
perature decreases, whereas in TF150 the tempera-
ture increases and splitting of dTG-peaks is ob-
served (Table 1, Figs 2-3);

— for calcite and dolomite: in TF120 the temper-
ature decreases, and falls down in the area where
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overlay of the process is observed; in TF150 the
temperature increases and splitting of the dTG-
peaks is observed (Table 1, Figs 2-3).

The sum of the peaks areas and mass losses are
nearly constant which is determined from the perma-
nent quantities of the mineral phases in the experi-
ment. The temperature changes during the decarbon-
ization process can be explained with the alterations
of the particle sizes of the samples after the high
energy milling activation. At the beginning of the
milling stage, the particles reach nanosize [4, 6, 10],
the next stages of milling are followed by particle ag-
glomeration. The increasing level of agglomeration
depends contrariwise on the specific surface area and
determines: (i) diffusion difficulties in the thermal
decomposition and (ii) splitting of the dTG-peaks
and increasing of decarbonization temperatures.

During the thermal experiments of high energy
milled samples new peaks situated in the two temper-
ature intervals appear: 590—630 °C and 770-850 °C.

The peaks in the interval 590-630°C are assigned
to be due to decarbonization of weakly bonded ions
in the apatite structure. According to literature [2,
3, 14-16] and our previously published data [5, 6,
10] it is known that in this temperature interval the
decarbonization of CO,-ions from the A-type apa-
tite occurs, where these ions substitute OH-groups
in the channels with weak bonds. It is important to
note that mass losses are nearly 0.50% and are con-
stant and independent from the activation time of
the samples. It could be explained with the incorpo-
ration of CO, from the air, but in limited quantities,
uncontrolled by the activation time.

The peaks situated in the 770-850 °C tempera-
ture range are a result from the emission of CO;-
ions, as evidenced by the gas-mass analysis. Until
now, it was thought that at these temperatures OH-
-groups replacing F--ions in the apatite structure
are released. As it has already been reported [3, 5,
17] these peaks originate from the decarbonization
of mixed A-B-type apatite [3, 15]. In mixed A-B-
type apatite substitution of PO, and Ca-vacancy by
CO;-ions occur. That type isomorphism influenc-
es the length of the Ca-O-bonds, and the degree of
substitution depends on the activation time (i. e.
size of the particles) and water presence [2]. That
is why, the mass loses of TF120 are bigger than
those ones of TF150. The splitting of the dTG-
peak of TF150 could be explained with libera-
tion of CO,-ions from different crystallographic
positions. The diffusion difficulties of TF150 are
caused by particle agglomerationas manifested by
the increased temperature of decarbonization and
the decreased mass loses.

The TG-dTA-dTG analysis of untreated and ac-
tivated samples (Figs. 1-3) reveals that the decom-
position runs after the following main reaction:
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— 590-630 °C — decarbonization of CO;~ from
A type positions of CHFAp

— 660-710 °C — decarbonization of CO;~ from
B type positions of CHFAp

— 730-770 °C — CaCO, = CaO + CO,

— 770-30 °C — decarbonization of CO; from
A-B type positions of CHFAp

— >850 °C - Ca, [FOH(PO,), = 2Ca,(PO,), +
Ca,P,0, + HF
Ca,(PO,), + 2Ca0 + SiO, = Ca,(PO,),.Ca,SiO,

CONCLUSIONS

High energy milling activation causes structural
and phase changes in the studied samples.

(1) The gas-phase analysis, clarified the mecha-
nism of chemical reactions and isomorphic substi-
tutions as a result of the high energy milling: all
samples absorbed CO, from the air, as the TF120
exhibits the highest level of absorption, which is
controlled from the specific surface area of the
powdered samples and does not depend on the
structural type.

(i1) The formation of two new apatite phases —
CHFAp-A and A-B-types via isomorphic substitu-
tion of CO,—ionsis detected. Their existence is evi-
denced by gas-mass analysis.

(ii1) The temperature ranges and mass-losses for
each particular isomorphously substituted apatite
phase are determined and this new information sup-
plements the existing up to now data-

(iv) The isomorphic substitution is a result from
the obtained defects and energy-metastable struc-
ture condition achieved via high-energy milling.

(v) The activation effect in different samples
has no functional dependence with the high ener-
gy milling activation time, because of agglomera-
tion processes.
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E®EKT OT MUHTEH3MBHO EHEPTMMTHO CMUJIAHE
BBPXY ITIPEPA3IIPEJIEJIEHUE HA KAPBOHATHUTE MOHU
B CTPYKTYPATA HA CEJUMEHTEH AITATUT

b. B. Kocrosa', H. JI. [letpoBa?, B. [TetkoBa®*

! Hog b6wacapcku ynueepcumem, Jenapmamenm [Ipupoonu nayku, 1618 Coghusi,
yi. ,,Monmesuoeo “ Ne 21, Bvaeapus
2 Uucmumym no munepanoeus u kpucmanoepagus, Bvreapcka akademus Ha HayKume,
vi. ,,Akao. I'. Bonues*, 6n. 107, 1113 Coghusa, bvreapus

Toctpmna pespyapu, 2013 r.; mpueta maii, 2013 1.
(Pesrome)

W3cnenBaH e ceAnMEHTaMOHEH KapOOHAT-XHIPOKCHI-Guryop anmaTtut (B-type) or TyHuc. 3a moBumaBaHe Ha XU-
MHYHATa PeaKkIMOHHA CIIOCOOHOCT Ha alaTHTa € M3IOJI3BAaH CyX METO/ 32 BUCOKOCHEPreTHYHA aKTHUBALUS B TUIAHE-
TapHa MEJTHULIA.

To3m MeTox ce mpuiara KaTto aJTepHATHBA HAa KHCEJIMHHNUTE METOIM 3a IpepaboTBaHe HA GocdaTHH CypOBHHH
3a nony4aBaHe Ha (ocopHHM TOpoBe M HEOPraHWYHM KUcenuHU. [101 BIMsSHNE HA CyXaTa aKTHBAIMs CE W3BBPIIBA
BHeqpsBaHe Ha HAa CO, W BOJHM TMapH OT BB3JAyXa B B PA3IMYHN KPUCTAIOTPA(CKH MO3HUIUH B MOAPENIETKATa Ha
arnatuta — BbB BakaHuuure Ha Ca’’ uim 3amectBaiiku yactuuHo F. MI3omMopdHuTE 3aMecTBaHMS ca aHATTM3UPAHH Ype3
TEPMHUYEH METO]] C aHAIN3 Ha N3XOAIINTE T03aBE C MAaCCIIEKTPOMEThP. JJoka3Ba ce H30MOp(QHO 3aMecTBaHE HA Kap-
OoHaTHH HOHU ¢ 0Opa3yBaHe Ha A-type u A-B type u ca ompeeneHu TeMIepaTypHATE HHTEPBAJIN U MACOBH 3aryOH
Ha OT/ICTHUTE TUTIOBE NU30MOP(HO 3aMeCTeHH! (a3u Ha araTuTa.
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The structural distortion and Zeeman splitting of the complexes
CrCl,(H,0);" and Cr(H,0)Z"
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In this work, we discuss the physicochemical properties of the complex CrCL(H,0)3" in 1% solution of C,H,OH
and the complex Cr(H,0)2" in 1% aqueous solution of CrCL,.6H,O. The spin magnetic moment and the magnetic sus-
ceptibility are calculated after Zeeman splitting in the complexes.

Key words: structural distortion, Zeeman splitting, CrCL,(H,0)?*, Cr(H,0)?".

INTRODUCTION

The alcoholic solutions of 3d ions salts mani-
fest optical activity and interesting properties in
magnetic field. This fact helped us when we decid-
ed to investigate these ionic liquids. In this work,
the most important accent is on the existence and
influence of CrCl,(H,0);* complex. Our analy-
ses give answer of questions which are connected
with the peculiarities of electron transitions in the
complex and with the stability in this complex.
Many authors have studied the absorption of the
compound CrCl,.6H,0, but they not give infor-
mation about the exact number of d electron tran-
sitions and about Zeeman splitting there. This is
the main aim in our work.

EXPERIMENTAL

The experimental set up for the measurement of
the absorption coefficient in the visible region con-
sisted of the following: a halogen lamp with a sta-
bilized 3H-7 rectifier, a SPM-2 monochromator, a
system of quartz lenses, a polarizer, a crystal sample
holder, and a Hamamatsu S2281-01 detector. The
thickness of the used cuvette is d = 0.995 cm.

* To whom all correspondence should be sent:
E-mail: Petya232@abv.bg

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

RESULTS AND DISCUSSION

The familiar colors of the transition metal ions
in solutions are due to absorption bands which
have their origins in electronic transitions within
the 3d shell. The electric field of the nearest neigh-
bour anions splits the energy levels of the unpaired
d-electrons and electronic transitions between
these split energy levels give rise to the observed
“crystal field” spectra [1]. The measurement of
absorption spectrum of 3d metal ions solutions
helps us to understand how many unpaired d
electrons are in the different complex structures.
The absorption coefficient of CrCl,(H,0)* and
Cr(H,0)?" complexes has been measured to be be-
tween 450 and 850 nm (Figs.la and 2a). The calcu-
lated first derivative of the absorption coefficient
at photon energy [do/d(hv)] determines only the
number of electron transitions in a Cr** ions and
it does not give an exact information about the en-
ergy position of these transitions (Figs.1b and 2b).
This is the reason for the calculation of the second
derivative of the absorption coefficient [d*a/d(hv)?]
(Figs.1c and 2c). The absorption coefficient is cal-
culated using the formula: (1) a = (1/d)In(I,/I),
where [ is the intensity of the incident light, I is
the intensity of the passing light and d is the sam-
ple thickness. The interesting peculiarity in the
absorption spectrum of CrCL(H,0):* is the pres-
ence of the “double exciton” at 450 nm (Fig. 1a).
This exciton corresponds to the double excitation
of two neighboring Cr?* ions and the transition
T, — °E realizes at this wavelength [2]. The three
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Fig. 1. a) The absorption coefficient a(E), b) first deriva-
tive da/dE and c) second derivative d*a/dE? of the com-
plex CrCL(H,0)

electron transitions in the chromium ion realize
from the level *E(°D) to the level *T,(*H) (Fig. 3).
The Cr** ions are paramagnetic. If the metal com-
plexes CrCl,(H,0);" and Cr(H,0)%" interact with
the external magnetic field then the spin magnetic
moment is expressed as

tty =NV +2),
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Fig. 2. a) The absorption coefficient a(E), b) first deriva-
tive do/dE and c) second derivative d*a/dE? of the com-
plex Cr(H,0)

where N is the number of the unpaired electrons.
In our case N =3 and p ;= 3.87 (S = 3/2). On the
other hand

P = &oAIS(S+1)

and g, = 2. The magnetic susceptibility can be cal-
culated by the formula
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Fig. 3. The energetic diagram of Cr*" ion in the octahe-
dral symmetry

N
= EM)?
X kTEn(”) ,

where N = 3, k is Boltzmann constant, 7 = 300 K
and £ (V are the values of the energy on Fig. 1c and
2c. The values of y for the complexes CrCL(H,0);*
and Cr(H,0)%" are respectively: y, = 728 and
x> = 800.

CONCLUSIONS

The interesting peculiarity in the absorption
spectrum of CrCl,(H,0);" is the presence of the
“double exciton” at 450 nm.

Zeeman splitting appears at the level *T,(*H) in
the chromium structure.

The magnetic susceptibility of the complex
Cr(H,0)Z" has bigger value than this of the complex
CrCL(H,0)#.
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CTPYKTYPHA JIEGOPMALIMS 1 3EEMAHOBO PA3IEITIBAHE
HA KOMIUIEKCHUTE CrCl,(H,0)3* U Cr(H,0)?*

I1. ITetkoa*, B. Henkos, 1. Tauesa,
I1. Bacunes, 1. Jlumutpos

Ulymencxu ynusepcumem ,, Enucxon Koncmanmun Ilpecrascru
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B Ta3u pabora Hue pasriexnaMe GH3MKOXUMHYHHUTE cBo¥icTBa Ha kommiekca CrClL(H,0):" B 1% pastBop Ha
C,H,OH u na xommuiekca Cr(H,0)?" B 1% Bonen pasteop Ha CrCl,.6H,0. M3uncnenu ca MarHUTHUST CITHHOB MOMEHT
U MarHUTHAaTa BB3IPHEMUYHUBOCT Clle/l 36eMaHOBO pa3lelBaHe B KOMILIeKcHTe. MIHTepecHa 0cOOEHOCT B CLIEKTbpa Ha
norrpimane Ha CrCL(H,0)* e nanmumumero Ha ,,iBOeH eKCUTOH" Ipu 450 nm. 3eeMaHOBOTO pasLeNBaHE Ce IPOsIBSIBA
npu zuBoto *T,(*H) B cTpykTypara Ha Xpoma. MaruurtHata Bp3mpreMurBocT Ha kommiekca Cr(H,0)?" uma mo-ros-
Ma CTOMHOCT OTKOJIKOTO CToHOCTTa 1 3a Komiuiekca CrCL(H,0)3".
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In this study we present pure ZnO and 20Si0,—-80ZnO (mol %) nanocomposite photocatalysts, prepared on glass
substrates via spin coating technique and sol-gel method from starting solutions of zinc nitrate and tetracthoxysilane.
The as-prepared films are annealed in air at 500 °C for 1 h. The films are characterized by XRD and SEM analysis.
The photocatalytic action of the films is checked and compared in photodegradation of two organic dyes Malachite
Green and Methylene Blue under UV and visible light illumination. The change in dye concentration with time of ir-

radiation is monitored by UV-visible spectroscopy.

Key words: SiO,—ZnO films, photocatalytic degradation, sol—gel, spin coating, Malachite Green, Methylene Blue.

INTRODUCTION

The organic dyes belong to one of the most
common and large group of pollutants in waste-
waters from textile industries, dye manufactur-
ing, and various other industrial processes such
as food and paper production, pharmaceuticals,
cosmetics and etc. The worldwide dye produc-
tion is more than 7.10° tones per year. The losses
in wastewaters at different stages of manufactur-
ing and during application are about 10-15% of
the total produced amount [1]. Organic dyes can
undergo transformation in aquatic media and can
form harmful carcinogenic and mutagenic inter-
mediates, this way causing a serious risk for sur-
vival of microorganisms, aquatic life and environ-
mental media — water and soil [2, 3]. The effect
of such contamination on human health may be
unpredictable hazardous inflicting different dis-
eases like immune-suppression, respiratory, cen-
tral nervous, neurobehavioural disorders presage
as allergy, tissue necrosis, skin or eye infections
and irritation and even lung edema [4, 5].

* To whom all correspondence should be sent:
E-mail: nhasb@wmail.chem.uni-sofia.bg

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

Different biological, physical and chemical
methods have been successfully applied to solve the
problems in purification of dye contaminated waste-
waters. All these conventional methods have also
some disadvantages: large amounts of biological
sludge and the problem of their disposal; transfer of
the toxic compounds just from one phase to another
instead of their decomposition; need of regular re-
generation of the adsorbents. Recently the advanced
oxidation processes based on generation of highly
reactive species (hydroxyl radicals, superoxide
anion radicals or hydrogen peroxide as initiators of
oxidative degradation), are an attractive alternative
to traditional methods for wastewaters purification.
Among these processes, heterogeneous photoca-
talysis seems to be promising advanced method
and has been successfully applied in photodecom-
position of large number organic pollutants includ-
ing dyes [6, 7]. In general the photocatalytic proc-
ess is governed by combined interaction between
semiconductor catalyst and light irradiation, which
leads to formation of free radicals from the photo-
generated on the catalysts surface charge carriers
and further degradation of the organics. One of the
most popular semiconductor catalysts is ZnO. Zinc
oxide is a natural compound with band gap energy
of 3.2 eV, which makes it an alternative potential
catalyst due to its high quantum efficiency. For that
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reasons ZnO has been applied and studied in various
organic pollutants photodegradation [2, 8]. The sur-
face modification [9—-11], semiconductor coupling
[12—14], metal [15—-17] and non-metal [18-20] dop-
ing of ZnO also have been investigated in terms of
their influence on the catalyst effectiveness.

In this work we present a study on photocatal-
ysis with films, prepared of ZnO and ZnO-SiO,
heterostructures, aimed to enhance the degradation
efficiency and activity in visible region as well as
solar irradiation in future applications. The organ-
ic dyes malachite green (MG) and methylene blue
(MB) are chosen as modal pollutants for dye con-
taminated wastewaters.

EXPERIMENTAL

The reagents and materials, used in the experi-
ments, were as follows: zinc nitrate (Zn(NO,),.6H,0,
Fluka); tetraethyl orthosilicate (TEOS, Si(OC,Hj),,
Sigma-Aldrich); microscopic glass slides (25%75
x1.2 mm, ISOLAB Germany). Prior films deposi-
tion the glass substrates were thoroughly cleaned by
ultrasound with acetone, ethanol and deionized wa-
ter. As model pollutant were chosen the commercial
dyes malachite green oxalate (C, H,,N,0,.2C,H,0,,
dye content >90%, A, = 618 nm) and methyl-
ene blue (C,(H,CIN,S.xH,O, dye content >95%,
Ao = 065 nm) supplied from Sigma-Aldrich. All
dye solutions, used in the photocatalytic tests, were
prepared with distilled water.

The ZnO and 20SiO0,-80ZnO nanocomposite
films were deposited by sol gel method [21, 22]
from sol solutions, based on binary heterochain
inorganic polymers. The 20:80 (SiO, to ZnO) ra-
tio of the composite is selected based on our pre-
vious morphological study on porous silicon with
embedded metal oxide nanocomposites [22]. In this
case more uniform coatings with better adhesion to
substrate were achieved. The films were finally an-
nealed at 520 °C 1.5 h in air for complete organics
decomposition. The initial precursors contain easily
hydrolyzed components, such as TEOS, which in-
teract with water with formation of polymolecules.
For the preparation of the two-component oxide
coatings, based on silica and zinc oxide, the hydrol-
ysis and polycondensation of TEOS was carried out
in the presence of the zinc inorganic salt Zn(NO,),.
The precursor sols were deposited onto glass sub-
strates via spin coating technique at rotation speed
of 3000 rpm.min'. The as-obtained gel films were
finally annealed at 500 °C for 1.5 h in air for com-
pleting the organics decomposition.

The as-obtained ZnO and ZnO-SiO, films were
checked for photocatalysis by standard testing
procedure in photodegradation of 5 ppm MG or
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MB in water solutions under UV or visible-light
illumination. The volume of treated dye solution
was 150 ml. The sources of radiation were as fol-
lows: (i) for the UV light — Sylvania 18W BLB T8,
emitting mainly in the range 315400 nm UVA
lamp fixed 10 cm above the pollutants solution;
(i1) for the visible light — linear Tungsram lamp
500 W K1R7s 9700 Lm, maximal emission at 700 nm
placed at 25 cm above the treated solution. The
photocatalytic tests were carried out in four series.
Photocatalysis with composite ZnO-SiO, thin
and thick films under UV and visible light irra-
diation was compared to photocatalytic experi-
ments with ZnO thin and thick films and under
both types of illumination. Regularly taken aliq-
uot samples from the pollutants aqueous solution
at determined time intervals were analyzed by
spectrophotometer (Jenway 6400) at the maximal
absorption of the dye. After the measurements
the aliquots were returned back to the purified
solution. The solution was constantly stirred by
electromagnetic stirrer at constant rotation speed
of 400 rpm. The experiments were conducted at
constant temperature of 23+2 °C.

The samples surface morphology was observed
by scanning electron microscopy (SEM) (JSM-5510
JEOL). The phase composition and crystallinity
of ZnO and ZnO-SiO, films was characterized by
X-ray diffraction (Siemens D 500 diffractometer,
CuKa source of radiation at a step of 0.05 deg for
20 and counting time 2s/step).

RESULTS AND DISCUSSION

The comparison of surface morphology obser-
vation by SEM shows that the ZnO and ZnO-SiO,
film samples are textured, the effect is more pro-
nounced in the case of composite film (Figs. 1
and 2). The porous structure of the nanocomposite
is formed as a result from spinoidal decomposition
of the sol, with a simultaneous release of the solvent
by evaporation from the formed gel net. The latter
leads to formation of macropores with overall size
of 0.2-0.5 pm (Fig. 2a). The conductive branches
of the macropores are from unhomogeneous mes-
oporous material, build by conducting ZnO spheri-
cal structures and insolating SiO, grains. The film
thickness of the composite coatings is found to be
200 nm (Fig. 2b).

The nanostructured films are analyzed by X-ray
diffraction in order to determine the phase composi-
tion of the samples (Fig. 3). The ZnO in the films
is identified as wurtzite, with main characteristic
peaks at 32.1, 34.8 and 36.5 26 degrees. The SiO, in
the composite structures is amorphous and therefore
is not represented in the XRD spectrum.
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Fig. 1. SEM micrographs of zinc oxide films: (a) typi-
cal top view of the films surface at lower magnification;
(b) a structure of spherical particles inside the pores at
higher magnification

Two series of photocatalytic experiments are
performed upon UV and visible light irradiation
— with methylene blue and with malachite green
aqueous solutions. The results from the photocata-
lytic tests for MB degradation with the ZnO and
composite films are presented in Figure 4. As seen
from the experimental data, the photocatalytic ef-
ficiency of all the films (ZnO and ZnO-Si0,) is
low. In case of visible light illumination the ZnO
thin film is more effective than the composite one.
Similar trend is observed from the tests under UV
illumination — all the thin film samples manifest
higher rates of MB photodegradation in compari-
son to the thicker ones irrespective of type of light
irradiation. From the comparison of visible light
induced photocatalysis by samples with thicker
layers is seen that the ZnO-SiO, composite sam-
ple shows higher degree of pollutants degradation
than the ZnO film. The rate constants values of
photocatalysis, calculated following the equation
In (C/C,) = — kt are given in Table 1.

JEM-5518

Fig. 2. SEM images of 20Si0,-80ZnO films: (a) top view
of the coatings surface morphology; (b) cross section of
the nanocomposite film

Intensity, c/s

ZnO/SiO,

50 1 1 L L L L I A 1
25 30 3% 40 45 50 55 60 65 70

2theta, deg

Fig. 3. Comparative XRD of ZnO and ZnO-SiO, com-
posite films
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Figure 5 represents kinetics of photocatalysis of
MG with the ZnO and ZnO-SiO, film samples un-
der UV and visible light illumination. In general an
increased photocatalytic efficiency of all samples is
observed in this case. From the presented data one
can see clear tendency for regular rise in the samples

photocatalytic efficiency with the film thickness ir-
respective of the type of light irradiation. Double
layered films reach 43.45% of dye degradation un-
der UV and 55.70% under visible light irradiation.
This effect can be seen also from the rate constants
of photocatalysis, presented in Table 1. The differ-

Table 1. Rate constants of photodegradation, calculated from the tests, conducted with different film samples

Rate constants, min™!

Samples Methylene Blue Malachite Green

uv Visible uv Visible

ZnO, thin 0.0009 0.0014 0.001 0.0014

ZnO, thick 0.0003 0.0005 0.0021 0.0031
Si0,-ZnO, thin 0.0003 0.001 0.0007 0.0013
Si0,-ZnO, thick 0.0002 0.0006 0.0024 0.0033

12 14 @ Si02-Zn0 thin
0O Zn0O thin
127 A 700 thick
I 0 Si02-Zn0 thick

[+]
2,
Q
08 [ &Si02-Zn0O thin
0O ZnQ thin
" A ZnO thick
& Si02-Zn0 thick (a)
06 il e S e . )
0 100 200 300
Time, min
1.2 ¢ Si02-Zn0 thin
O Zn0 thin
A 7nO thick
1.0 0 Si02-ZnO thick
[+
4
[ &)

08

®)
300

06 S EEE——
0 100 200
Time, min

Fig. 4. Change in methylene blue concentration versus
time of photocatalysis with the different film samples un-
der: (a) UV illumination and (b) visible light. The initial
MB concentration is 5 ppm
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Fig. 5. Comparison of the photodegradation kinetics of
malachite green with the photocatalytic films under cata-
lytic action under: (a) UV irradiation and (b) visible light.
The initial MG concentration is 5 ppm
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ences, observed in photocatalytic decomposition
of both pollutants can be attributed to geometrical
factor, which is different for the different dye mol-
ecules. The structural formulas of Methylene blue
and Malachite green oxalate are shown in Fig. 6.

Malachite green oxalate

H3 ) CH3
Methylene blue

Fig. 6. Structural formulas of Methylene blue and Mala-
chite green oxalate

Fig. 7. Scheme of 3-D Julien fractal

The main advantages of using hierarchical as-
sembled SiO,/ZnO nanocomposite photocatalyst,
consisting micro- and nanocrystals, are connected
with the possible control over size and morphol-
ogy towards desirable chemical properties of the
obtained materials. The hierarchical self-assembly
materials consist of constructive “blocks” with dif-
ferent sizes and shapes (and size-dependent prop-
erties) and have hierarchical porous structure.
Hierarchical self-assembly can be a multilevel one,
when the integrated blocks are basic elements for
larger consolidations (with lager interaction radius).
Figure 7 represents Julien fractal, which is one of
the simplest idealized examples of self-assembly
[22]. It is an appropriate example for understanding
of the principal possibility to obtain materials with
calibrated pores size. That is very important for de-
velopment of new-generation devices, because the
pores with different sizes have different functions
(adsorption centers, canals for import and export of
reaction products, nanoreactors with different capil-
lary phenomena etc.).

CONCLUSIONS

Thin solid films of ZnO-SiO, are prepared via
sol-gel process and spin coating technique. The
films consist of micro- and nanostructures as shown
by SEM and XRD investigations. The photocata-
lytic tests with respect to destruction of MG prove
that of best performance is always the composite
Zn0O-Si0, thick film sample. This result is con-
firmed with both UV and visible light illumination
using lamps of different power. The double layered
films manifest much higher photocatalytic efficien-
cy, compared with the rest film samples under UV
and visible light irradiation. All films have higher
photocatalytic efficiency in malachite green degra-
dation in comparison to methylene blue.

Acknowledgements: This research is financially
supported by FP7 project Beyond Everest and the
Federal target program “Scientific and Pedagogical
Personnel of Innovative Russia” (state contract Ne
14.B37.21.1089).
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HAHOPA3MEPHU KOMIIO3UTHHU ThbHKN ®UJIMU OT Si0,—ZnO
3A ®OTOKATAJIMTUYHO PA3JIAI'AHE HA OPI'TAHMYHU BAT'PUJIA —
CTPYKTYPA U XAPAKTEPU3NPAHE

H. B. Knnesa!, C. A. Croneiiman', A. C. boxxunosa'*, K. W. ITanasosa’,
A. T. umutpos', U. I'pauesa?, C. Kapnosa?, B. A. MorHukoB?

! Jlabopamopus no Hayka u mexHono2us Ha HaHouacmuyu, kameopa Obwa u HeopeaHuuHa Xumus,
@axynmem no Xumus u @apmayus, Copuiicku ynusepcumem, Coghus 1164, Bvreapus
? Kameopa ,, Muxpo-Hanoenexmponuxa *, fopacasen Ynusepcumem no Enexmpomexuuxa,
Canxm Ilemepbype , 197376, Pycus

Toctprmna pespyapu, 2013 r.; mpueta maif, 2013 1.

(Pesrome)

B ToBa m3cnensane Hue mpenactaBsiMe dncT ZnO um HaHokoMmo3uTHH (oTokaramuzatopu 20Si0,-80ZnO
(mom. %), oTy4YeHHN BBPXY CTHKICHH MOUIOKKH Ype3 TEXHUKA Ha IETPOOEKHO oTiarane (spin coating) u 301-
TeJIGH METOJ OT M3XOJHM PAa3TBOPH HA IIMHKOB HUTPAT M TETpaeTOKCHCWIaH. Taka momydeHuTe GWIMH ca Ha-
kanern npu 500 °C 3a 1 gac. ®unmuTe ca xapakTepu3upaHu dpe3 peHTreHoBa mudpaxmus u CEM anammsm.
@DOTOKATAINTHIHOTO JeHCTBHE HAa (GUIMHTE € U3MUTAHO U CPAaBHEHO NMPH (OTOPa3TpakJaHETO Ha JIBE OpraHNd-
Hu G6arpmia ManaxutoBo 3eneHo u Metunenoso Cuubo noj o0rpuBane ¢ YB u Buanma cetnuna. [IpoMsanara
B KOHIICHTpAIUATa Ha 0AarpuIIOTO ¢ BPEMETO Ha 00JIpUBaHE € IpocieieHa ¢ Y B-BuanMa cnekTpocKonus.
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The effect of nickel amount on the structure, reducibility and activity of the mixed metal oxides generated by con-
trolled thermal treatment of co-precipitated Ni-Al layered double hydroxides as catalyst precursors for CO, removal
by methanation reaction, was examined by variation of the Ni**/AI** molar ratio (Ni*/AP** = 0.5, 1.5, and 3.0), the
reduction and reaction temperatures. The powder X-ray diffraction of the thermally treated samples (200—1000 °C)
established the formation of nano-sized NiO- and spinel NiAl,O,-like phases in different proportion and degree of
crystallinity. The calcination temperature of 500 °C was selected as most convenient one because of the high disper-
sion of the mixed oxide phases predetermining the high dispersion of the metallic nickel.

It was revealed that after preliminary “in situ’ reduction at 400, 450, 530 and 600 °C, all studied catalysts hydrogen-
ated CO, effectively at reaction temperatures from 400 to 280 °C and space velocities between 3000 and 22000 h'.
All three catalysts demonstrated similar activity at lower reduction and reaction temperatures due to the formation
of readily reducible Ni**~O species which generated sufficient number of accessible Ni° surface active sites. Partial
regeneration of the original layered structure was registered in the higher nickel containing solids after finishing of
the catalytic test.

The advantage of the catalyst with the lowest nickel amount is disclosed at low reaction and reduction tempera-
tures. Its performance dominates after reduction at higher temperatures because of the role of NiAlO, spinel-like
phase to act as a “reservoir” generating fresh Ni’. The decrease of activity in the rest of the catalysts is attributed
mainly to the Ni° sintering.

Key words: Ni-Al layered double hydroxides, Ni-Al mixed oxides, structure, reducibility, CO, removal by methanation.

INTRODUCTION as well as water molecules, are situated in the in-

i ) terlayer space of the layered structure. Herewith, x
The Ni-Al layered double hydroxides (LDHS),  epresents the fraction of the Al cation, and m is
which are also known as takovite-like (TKI) com- o number of the water molecules [].
pounds, belong to a great group of natural or syn-

o : . X The research efforts have been focused on the
thetic inorganic lamellar compounds with chemi-  5ggegsment of the potential use of these layered sys-
cal composition expressed by the general formula

o " e o tems as catalysts, either as-synthesized or mainly
[N;+ L AP(OH), AT, mH,0, where Ni*" and  afier thermal treatment. Typically, the thermal de-
Al ions are located in the brucite-like hydroxide  ¢omposition of the materials, includes dehydration,
layers, while the charge compensating exchange-

_ b - i Aty dehydroxylation and loss of the charge compensat-
able anions A" such as CO;, NO;, SOy, CI, ete.,  jnoanjons, results in formation of finely dispersed

Ni-Al mixed oxides of Ni?*(AI*")O type. The latter
represent promising catalysts due to their high spe-
cific surface area, high distribution of both Ni*" and
* To whom all correspondence should be sent: A" ions after calcination despite of the high con-
E-mail: margo@ic.bas.bg tent of Ni** ions, high metal (inter)dispersion after

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 617
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reduction, small crystal size, and stability against
sintering [1—4].

The effective utilization of CO, originating from
the production processes and flue gases of CO,-
intensive sectors is an important area of research
because CO, is a major greenhouse gas and makes
a significant contribution to global warming and
climate change. Among the catalytic reactions, the
catalytic hydrogenation of CO, over supported nick-
el metal catalysts to form methane, simply called
methanation, is a particularly promising technique
for CO, removal [5, 6]. The methanation reaction
is commonly applied in ammonia plants at the final
stage of purification of the synthesis gas in which
low concentrations of CO and CO, (0.1-0.5%) are
catalytically removed by a reaction with hydrogen.
The reaction is of crucial importance due to the
poisonous effect of carbon oxides on the ammonia
synthesis. At present, the methanation became also
attractive for reducing the residual carbon oxides in
hydrogen-rich reforming gases, and to satisfy the
requirements of polymer electrolyte fuel cell anodes
[7, 8]. Although many different catalytic systems
based on supported group VIII metals (e. g. Ru, Rh)
on various oxide carriers (TiO,, SiO,, Al,O,, CeO,,
Z10,) have been applied to catalyze the reaction, the
industrial methanation catalyst is essentially nickel
metal at a large scale of concentrations (25—77 wt.%)
due to its high activity, selectivity toward methane
formation in preference to other hydrocarbons, high
thermal stability, and relatively low cost [5, 9].

In a series of articles [10—13] Kruissink et al.
have claimed that a thermal treatment of co-pre-
cipitated Ni-Al precursors of Ni*/AI* = 2.0-3.0
molar ratio in the interval of 450—900 °C and a fol-
lowing high-temperature reduction at 500—600 °C
lead to the formation of very active catalysts for CO
methanation at ~300 °C. However, the authors have
reported neither variations of the reduction and re-
action temperatures, nor variations of the flow rates
of the gaseous reaction mixture to obtain a detailed
picture of catalyst performance.

In our recent paper [14] it was established that
the Ni-Al LDHs with TKI structure are potential

catalyst precursors for the fine CO, removal from
hydrogen-rich gas streams through the methanation
reaction, depending on the Ni**/Al** molar ratio and
temperature of treatment in hydrogen ambience of
the as-synthesized precipitates without preliminary
calcination to the related oxides. It was found that
after reduction at 400 and 450 °C the catalyst of the
highest nickel amount has demonstrated the high-
est conversion degree at all reaction temperatures
and space velocities, while the catalyst of the low-
est nickel prevailed in the methanation activity after
reduction within 530-600 °C.

The objective of this study is to examine the
phase composition of the mixed oxides obtained
by a controlled thermal treatment of the Ni-Al TKI
systems aiming to select the catalyst with the most
beneficial characteristics for the methanation re-
action (CO, + 4H, = CH, + 2H,0) by variation of
the Ni**/Al** molar ratio, the reduction and reac-
tion temperatures.

EXPERIMENTAL
Sample preparation

Carbonate forms of TK1 precursors with Ni**/A1**
molar ratios of 0.5, 1.5 and 3.0 were obtained by
co-precipitation of the mixed Ni-Al nitrate solution
with Na,CO, at constant temperature of 80 °C and
pH = 8 under vigorous stirring. More detailed de-
scription of the preparation procedure was present-
ed in Ref. 14. The obtained precipitate was further
dried at 80 °C for 20 h and named takovite-like pre-
cursor, designated as xNiAl, where x represents the
Ni**/Al** molar ratio, for example 3.0NiAl (Table 1).
The precursors were calcined in air at 500 °C for 2 h
before the catalytic activity test. The catalysts after
the reaction run (the tested catalysts) were labeled
as xNiAl-t.

The unsupported NiO was prepared as a refer-
ence sample by the same preparation procedure.
The sample was calcined in air at 500 °C for 2 h and
denoted as reference NiO.

Table 1. Chemical composition of the as-synthesized TKI samples

Chemical composition

Sample (wt. %) Nizt/AlF*
Ni Al NiO AlLO, molar ratio
0.5NiAl 21.3 19.6 423 57.7 0.49
1.5NiAl 329 10.1 68.7 313 1.48
3.0NiAl 42.6 6.5 81.5 18.5 2.98
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Sample characterization

Powder X-ray diffraction data was collected
on a Bruker D8 Advance diffractometer employ-
ing CuK, radiation (A = 0.15418 nm), operated at
U =40 kV and I = 40 mA. The mean crystallite
sizes (L) were determined using computer pro-
gram X’Pert HighScore (PW3209) Version 1.0f
(2004). The crystalline phases were identified using
Joint Committee on Powder Diffraction Standards
(JCPDS) files.

Specific surface area was measured employing
the single point BET method using a FlowSorb II
2300 Micromeritics apparatus with a N,—He mix-
ture (15% N,) at the boiling temperature of liquid
nitrogen.

Temperature-programmed reduction was evalu-
ated in the measurement cell of a SETARAM dif-
ferential scanning calorimeter (DSC-111) directly
connected to a gas chromatograph. The temperature
was linearly raised from 25 to 700 °C at a heating
rate of 10°C/min. The experiments (~0.025 g sam-
ple) were accomplished by a gaseous mixture of
10% H, in Ar at a flow rate of 25 cm?/min.

Gas-phase hydrogenation of CO, to CH, was
carried out in a fixed-bed flow reactor set-up under
ambient pressure. The activation of the catalysts
was performed by preliminary ‘in situ’ reduction
in the equipment at 400, 450, 530, and 600 °C
for 3 h with pure hydrogen at a gas hourly space
velocity (GHSV) of 2000 h™!' and a heating rate
of 1.7°/min. The catalytic activity measurements

were accomplished by means of gaseous mixture
of CO,/H,/Ar=0.65/34.35/65 vol.% in the temper-
ature interval 220—400 °C and GHSV from 3000
to 22000 h™! after each reduction procedure. A
liquate N, trap after reactor eliminated water as
a reaction product. The amount of residual CO,
was determined using online-connected Uras 3G
gas analyzer (Hartmann-Braun AG) in the range
0—0.0050 vol.% CO, (0—50 ppm).

RESULTS AND DISCUSSION

The chemical composition of the TKI samples,
measured by ICP analysis, is listed in Table 1.

Powder X-ray diffraction (PXRD)

In our recent paper [14] it was documented that
a well-crystallized TKI structure containing carbon-
ate anions in the interlayer space is formed only in
3.0NiAl precipitate (Fig. 1a): sharp and symmetri-
cal reflections for (003), (006), (110) and (113)
planes and broad and asymmetric for (012), (015),
and (018), respectively. It was established that a de-
crease in nickel loading of 1.5NiAl sample causes
lowering of the peak intensities and broadening of
the TKI reflections (Fig. 1b), as well as the coexist-
ence of two phases in 0.5NiAl solid (Fig. 1¢): a poor-
ly crystallized TKI phase accompanied by a gibbsite
one. It was found that the increase in Ni amount of
the samples leads to (i) increase of the lattice param-

a b c
) ) ) [osniar @)
(400) (440)
NIALO,
1000°C = (533)(444) (731),
§| N\ w2 5
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(003)
b 80TC Ly 80 L aoC
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Fig. 1. PXRD patterns of the samples thermally treated at various temperatures: (a) 3.0NiAl, (b) 1.5NiAl and (c)

0.5NiAl, where g is gibbsite
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eters, (ii) crystallite growth and (iii) decrease of the
specific surface area (SSA).

The investigated Ni-Al layered systems were ther-
mally treated in the temperature range 200—1000 °C
for 120 min in an air atmosphere. The correspond-
ing PXRD patterns were used for elucidation of the
structure evolution with the temperature increase,
i.e. appearance, formation and transformation of the
resultant phases.

PXRD patterns of the calcined at 200 °C solids
(Figs. 1-3) displayed reflections similar to the as-
synthesized ones, however slightly shifted to higher
angles. This finding is ascribed to the beginning of
the interlayer water molecules losing. The diffrac-
tion lines of the thermally treated at 250 °C samples
indicate partial decomposition of the TKI structure
in all samples. It is observed an appearance of badly
organized reflections (200) of NiO phase (JCPDS
file 00-047-1049) in 1.5NiAl and 3.0NiAl samples,
being better organized in the later. An additional
broad reflections (111), (311) and (440) of a non-
stoichiometric spinel-type NiAl,O, phase (JCPDS
file 00-010-0339) are detected in 0.5NiAl. The
characteristic diffraction lines of TKI structure dis-
appear completely at 350 °C and rather amorphous
calcination products are formed in all samples. This
observation is attributed to both dehydroxylation
of the brucite-type layers and decarbonation of the
interlayer space as result of the destruction of the
layered structure [15—17]. With further increase in
the temperature to 500 and 600 °C, the diffraction
peaks of NiO and NiAl,O, phases become narrower
and more intense, due to the growth of crystallites
and improvement of crystallization. PXRD patterns
of the calcined at 800 °C solids detect reflections of:
(1) a well formed single NiALO, phase in 0.5NiAl;

a)
—_ H
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[
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£ 04160
S 04155}
g * A A 15NiAl
5 04150 * 3.0NiAl
© * .
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04145 @ NiO-standard
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Temperature (°C)

(i1) an appearance of badly organized NiAl,O, phase
in 1.5NiAl sample together with a better crystallized
NiO phase, and (iii) a well formed single NiO phase
in 3.0NiAl solid. The diffraction lines of the calcined
at 1000 °C materials show existence of two phases
in 1.5NiAl and 3.0NiAl samples: NiO and NiALO,,
however, differing in proportion. NiO is a predomi-
nant phase in 3.0NiAl solid and conversely, spinel
NiAlLO, phase is the dominant phase in 1.5NiAl and
0.5NiAl materials. No separate Al-containing phase
was observed may be because of segregation of AI**
cations to an amorphous components.

The calculated crystallographic parameters of
NiO phase (ay,,) in calcined 1.5NiAl and 3.0NiAl
solids up to 1000 °C (Fig. 2a) demonstrate values
which are lower than of both reference NiO (ay,, =
0.4176 nm) and standard NiO (ay,, = 0.4177 nm)
according to JCPDS file 00-047-1049. As it was
reported [18], this finding is a consequence of the
partial incorporation of AI’* ions into the cubic
framework of the NiO, reducing its cell dimensions
(ay;o) of the pure NiO because of the smaller radius
of AI** ions (0.053 nm) as compared to Ni*" ones
(0.069 nm) [19]. The increase of Al** cations’ in-
corporation into NiO lattice on decreasing Ni**/Al**
molar ratio is in line with decreasing the NiO lattice
parameter in the samples.

The mean crystallite sizes of NiO (L,,,) and
NiALO, (Lya.o,) Phases in 1.5NiAl and 3.0NiAl
samples were determined from the full-width at
half-maximum values of (200) diffraction line for
NiO phase and (311) line for NiAl,O,, respectively.
It is observed that the increase of the calcination
temperature up to 500 °C and the nickel content lead
to the slightly enlargement of NiO crystallite sizes
(Fig. 2b). The treatment of both samples at 800 and

b)
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Fig. 2. Crystallographic characteristics of the samples thermally treated at various temperatures: (a) lattice parameter
of NiO (ay,,) and (b) crystallite size (L) of NiO and NiAl,O, phases
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1000 °C causes sharply increase and alignment of
the NiO crystallite sizes, suggesting complete sepa-
ration of NiO and NiAl,O, phases. The values of
Ly, and Ly, ,, comply with the degree of crystalli-
zation of both phases in the studied solids remaining
in the nano-scaled region.

The PXRD analyses documented that the de-
composition of the TKI structure at 500 °C attracts
special attention. The resulting structurally disor-
dered oxide mixture crystallizes to form NiO-like
phase in 3.0NiAl and 1.5NiAl samples with L,
of 5.3 and 4.2 nm, respectively, and poorly organ-
ized NiAl,O,-like phase in 0.5NiAl. In addition the
SSA (m?%g) values of the calcined Ni-Al samples
at 500 °C demonstrate well developed surface: 141
(0.5NiAl) > 128 (1.5NiAl) > 112 (3.0NiAl) in com-
parison with 15 m?/g of the reference NiO sample.

Obviously, the NiO-like phase obtained by calci-
nation of the Ni-Al TKI compounds exhibits a high
thermal stability in comparison with the reference
NiO. The AI** ions are concentrated onto and in the
NiO surface, forming other phases such as alumina
or spinel-type phases, so that the NiO surface is
wholly modified [20]. The spinel-type phase plays a
major role in the thermal properties of the mixed ox-
ides, because there is no possibility of direct physi-
cal contact between two adjacent nickel crystallites.
In such a way the growth and sintering of the NiO is
hindering, thus increasing the SSA [21].

The high dispersion of NiO-like phase is pre-
sumed to generate also highly dispersed metallic
nickel particles after the activation of the precursors
by reduction with hydrogen. All these arguments
lead to the conclusion that the thermal treatment
of Ni-Al TKI systems as precursors of catalysts for
CO, removal by methanation should be carried out
at a temperature of 500 °C.

Temperature programmed reduction
(TPR) study

The reducibility of the calcined at 500 °C precur-
sors was investigated by means of TPR technique.
TPR experiments were applied to elucidate the na-
ture of reducible Ni*~O species present in the sam-
ples and to reveal the temperature at which reduc-
tion to metallic Ni’ occurs depending on the nickel
loading in the solids.

The TPR profile of the reference sample NiO,
displays a large temperature peak in the range
280-550 °C with T, at 393 °C and a shoulder at
~450 °C. It may be assumed that full reduction of
bulk Ni** ions to Ni” has occurred (Fig. 3). The ap-
pearance of broad asymmetric TPR profiles spread-
ing throughout a wide temperature range from 290
to 700 °C in all solids documented the presence of
AP ions. A shift of LT shoulders as well as T,

towards higher temperatures upon decreasing of Ni
content (increase of Al), are clearly observed with
the samples under study.

The TPR profile of the highest nickel contain-
ing sample 3.0NiAl demonstrates low-temperature
(LT) shoulders at =310 °C and ~390 °C, tempera-
ture maxima (T, ) =550 °C and high-temperature
(HT) shoulder at =645 °C. The profile of 1.5NiAl
indicates a presence of LT shoulders at <312 °C and
~405 °C, shoulder at =545 °C, T, at =615 °C and
HT shoulder at =670 °C. LT shoulders at =335 °C
and =440 °C, T, at =615 °C and HT shoulder at
=670 °C are registered in 0.5NiAl sample.

The impeded reducibility as compared to the
reference NiO pointed undoubtedly to the presence
of A1°" ions in the NiO lattice. According to the
models, proposed for decomposition and reduction
of the LDH compounds [20—22], the LT shoulders
from TPR profiles of all solids are ascribed to reduc-
tion of NiO intimately mixed with a small quantity
of AP" ions (Phase I). The T, of 3.0NiAl sample
is attributed to reduction of the quasi-amorphous
Ni-Al spinel-like phase (Phase II) which decorates
the surface of the NiO particles and/or acts as their
support. The T of 1.5NiAl and 0.5NiAl solids, as
well as the HT shoulders of all samples are assigned
to the reduction of the alumina-type phase doped
with some amount of Ni* ions (Phase III), probably
‘grafted’ on the spinel-like phase. All TPR profiles
identify incomplete reduction of Phase III because
the profiles do not recover the baseline. It is associ-
ated with the appearance of hardly reducible spinel-
like NiALO, phases.

It may be generalized that the reduction of the
Ni?" ions in the mixed Ni-Al oxides, is realized at
different temperatures due to different amounts,
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§ 200 | !i "z‘:\ ===+ NiO-reference
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Fig. 3. TPR profiles of the samples calcined at 500 °C
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location and strength of interaction of Ni**~O and
A’" moieties.

CO, removal by methanation reaction

The catalytic activity of the calcined at 500 °C
catalysts is evaluated by the highest GHSV at
which the residual concentration of CO, at the reac-
tor outlet is 0.0010 vol.% (10 ppm). This level is
an admissible limit in modern industrial ammonia
production. The catalytic runs show that after pre-
liminary reduction at 400, 450, 530 and 600 °C all
three catalysts hydrogenate CO, successfully to re-
sidual content of CO, levels of 0—10 ppm at reaction
temperatures between 400 and 280 °C and GHSV
within 3000-22000 h™'. The differences in activity
become evidently at lower reaction temperatures,
namely at 260, 240 and 220 °C (Fig. 4).

As it can be seen, the 0.5NiAl catalyst demon-
strates higher methanation activity at a reaction
temperature of 260 °C after reduction at 400 °C.
The catalyst purifies the reaction mixture from CO,
to residual content of 10 ppm at GHSV = 12000 h™'.
Further increase of the reduction temperature brings
about effective purging of the reaction mixture at
GHSV = 22000 h™' to residual content of 5.7 ppm
CO, after reduction at 450 °C and 0 ppm CO, af-
ter reduction at 530 and 600 °C. The rest of cata-
lysts comply with the following order of activities:
1.5NiAI>3.0NiAl after reduction at all examined
temperatures.

Lowering of the reaction temperature to 240 °C
leads to similar activity of all catalysts after reduc-

tion at 400 °C and to indistinguishable one, after
reduction at 450 °C. In contrast, an enhancement in
activity is registered after reduction at 530 °C, being
more pronounced in the 0.5NiAl catalyst. Further
increase of the reduction treatment to 600 °C re-
veals the priority of the 0.5NiAl catalyst which re-
moves CO, to 10 ppm level at GHSV = 15000 h™'.
The activity of the rest of catalysts decrease in the
order: 1.5NiAI>3.0NiAl.

The CO, removal at reaction temperature of
220 °C shows lower values almost independent of
the reduction temperature. The purification seems
effective only at low space velocities (4—5 h™).

The interpretation of the demonstrated activ-
ity may be partially found in the TPR experiments
(Fig. 3). TPR profiles suggest the existence of two
types of Ni*-O species on the surface of the all
mixed oxides under study: readily and hardly reduc-
ible. The methanation activity of the catalysts after
reduction at 400 and 450 °C may be easily ascribed
to the presence of readily reducible Ni**-O species.
The close activity indicates that the amount of ac-
tive Ni’ species is enough even in the 0.5NiAl in
spite of the different nickel loading.

The higher activity of 0.5NiAl catalyst after re-
duction above 500 °C may be attributed to the re-
tarding effect of AI*" ions on the Ni’ sintering due to
the presence of spinel-type NiAl,O, phase at higher
temperatures. The sintering of the reduced metal
lead to decrease of the activity, more pronounced in
the catalyst with the highest nickel content 3.0NiAL
Moreover, it is suggested by McArthur [23] that
nickel aluminates or some similar compounds act
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Fig. 4. Comparison of the methanation activity (0—10 ppm) of the calcined catalysts at reaction temperatures of 260,

240 and 220 °C vs reduction temperatures
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Fig. 5. PXRD patterns of the catalysts after the reaction
run (tested samples)

somewhat as a “reservoir” which, upon gradual re-
duction in the presence of hydrogen-containing gas-
es, continually generates fresh metallic nickel, thus
accounting for the remarkable activity maintenance
of the catalyst.

All these considerations are related to the incor-
poration of AI** cations into NiO lattice.

Additional explanation of the methanation activ-
ity is suggested by the diffractograms of the cata-
lysts after the reaction run (Fig. 5), namely reduc-
tion at 600 °C, testing in the range 400-220 °C and
passivation after cooling down to room temperature
by a gas mixture of O,/N,. Some findings must be
pointed: (i) Formation of Ni’ phase (JCPDS file 00-
004-850), in all the tested catalysts, being better or-
ganized in 3.0NiAl-t; (ii) Presence of NiO-like phase
in 1.5NiAl-t and 0.5NiAl-t catalysts; (iii) Prevalent
NiALO, phase in 0.5NiAl-t; (iv) Registration of
the reflections characteristics of TKI structure in
1.5NiAl-t and 3.0NiAl-t catalysts, more expressive
in 3.0NiAl-t.

The appearance of diffraction lines typical of TKI
compounds may be attributed to the property of the
mixed oxides generated from LDHs to regenerate
the initial layered structure in the presence of wa-
ter with natural content of dissolved CO, [24, 25].
Evidently, a hydrolysis of the unreduced surface
Ni*" ions is realized upon the methanation reaction
medium. The hydrolyzed Ni** species together with
some Al** ions partially re-crystallized in original
TKI structure. The partial formation of TKI phase
may be implied as an additional reason for the low-
est activity of 3.0NiAl and 1.5NiAl catalysts, name-
ly, the amount of Ni® on the catalyst surface should
be diminished thus provoking decrease in activity.

Structure and reducibility of the mixed metal oxides obtained from Ni-Al layered double hydroxides...

The low degree of crystallization of the tested
catalysts hinders the determination of the Ni° size.
The SSA (m?/g) measurements suggest greater
dispersion of the phases in 0.5NiAl-t catalyst:
122 (0.5NiAl-t) > 114 (1.5NiAl-t) > 79 (3.0NiAl-t).
Moreover, the SSA of 3.0NiAl-t catalyst (79 m?/g)
shows value very close to the SSA of takovite-like
3.0NiAl solid (71 m?/g) [14] thus evidencing the
partial formation of TKI structure.

CONCLUSIONS

The structure, reducibility and CO, methanation
activity of the Ni-Al mixed oxides generated by
controlled thermal treatment of Ni-Al takovite-like
LDHs depend on the amount, location and strength
of interaction of Ni**~O and Al** species and tem-
perature. NiO- and spinel NiAl,O,-like phases are
formed in the nano-sized region in different propor-
tion and degree of crystallinity as a function of the
nickel content.

The calcination temperature of 500 °C is selected
as most convenient one because of the high disper-
sion of the mixed oxide phases predetermining the
high dispersion of the metallic nickel. All prelimi-
nary reduction temperatures of the three catalysts
provoke effectively CO, hydrogenation down to
280 °C and high space velocities. Partial regenera-
tion of the original layered structure was registered
in the higher nickel containing solids after finishing
of the catalytic test.

The advantage of the catalyst with the lowest
nickel amount is revealed at low temperature of
reaction (260 °C) and reduction (400 °C). Its per-
formance dominates at higher reduction tempera-
tures due to the role of spinel NiAL,O -like phase
to act as a “reservoir”’ generating fresh metallic
nickel. The decrease of activity in the rest of the
catalysts is mainly attributed to sintering of the re-
duced metal nickel.

Note: This article has been realized in the frame
of inter-academic collaboration between Institute
of Catalysis, Bulgarian Academy of Sciences, and
“Illie Murgulescu” Institute of Physical Chemistry,
Romanian Academy.
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CTPYKTYPA U PEAYIIUPYEMOCT HA CMECEHM METAJIHU OKCH/IN,
I[TOJIYYEHU OT Ni-Al CJIOUCTU ABOVHU XNJIPOKCUU. KATAJIMTUYHA
AKTHUBHOCT B PEAKIIUATA HA METAHHUPAHE HA CO,

M. B. I'abposcka'*, P. M. EnpeBa-Kopmxuesa!, /1. . Kpuian?,
K. K. Tenues', I. A. Hukososa', M. Kpuriran?

I Unemumym no kamanu3s, bvieapcka akademust na naykume, yi. Akao. I. bonues, oa. 11,
1113 Cogpus, Bvaeapus
2, Unue Movpeynecky* Hnemumym no gusuxoxumus, Pymoncka axademus, 202 oyn. Hnoenenoenyerl,
060021 Byxypew-12, Pymvrus

[Toctenuna ¢pespyapu, 2013 r.; mpuera maii, 2013 .
(Pesrome)

WscnenBan e epeKTHT OT KOJMYECTBOTO Ha HUKEJIA BBPXY CTPYKTYpaTa, peylMpyeMOCTTa U aKTHBHOCTTA Ha CMe-
CEHHUTE METAIHH OKCH/IH, TTOJYYCHU upe3 KOHTPOJIHMpaHa TepMHUYHa 00paboTka Ha chyTacHU Ni-Al cronctu 1BOHHM
XUJIPOKCUIH, KaTO TIPEKYPCOPH Ha KaTanu3aTopu 3a ounctBane oT CO, upe3 peakiusara Ha METaHUPaHE, IPOMEHSINKI
MosHOTO choTHOmeHue Ni* /A" (Ni*/AP* = 0.5, 1.5 u 3.0) u Temnepatypute Ha penyKuus U peakuus. Ypes mpaxosa
T pakIys Ha peHTTeHOBH JIBYH HA TEPMUYHO 00padboTBannTe 00pasmy (200—1000 °C) e ycraHoBeHO 00pa3yBaHEeTO HA
HaHo-pa3MepHH NiO- u nmuaeno NiAlO,-nogo6Hn ¢asn B pa3IMyHO CHOTHOIICHHE M CTENEH Ha KpuctamHocT. Kato
Hal-ITOAX0/Is1Ia 32 HaKaJIsIBaHe Ha oOpa3uuTte ¢ n3dpana Temmneparypara ot 500 °C mopaau BUCOKATa AUCTIEPCHOCT Ha
CMECEHHTE OKCHJIHM (a3, KOSTO NpeI0Npe et BUCOKA TUCIEPCHOCT M HA METATHHS HUKET CIIe]T PEIyKIHS.

Paskpuro e, ue crnen npensapurensa pegykuus in situ npu 400, 450, 530 u 600 °C, Bcu4ky U3CI€ABAHN KaTalu-
3aTopu epexTrBHO Xuaporenupar CO, npu peakionan remnepatypu oT 400 1o 280 °C n 00eMHH CKOPOCTH MEXKTY
3000 1 22000 4 '. 1 TpuTe KaTanu3aropa MokKa3BaT CpaBHUMa aKTHBHOCT IPHU MO-HUCKU PEAYKIMOHHHU U PEaKLIHOHHH
TEeMIEpaTypH Imopaau o0pasyBaHETo Ha JiecHO peaynupyeMu Ni*'-O BHAOBE, KOUTO MOPAXKIAT JOCTAThUYCH OPOH OT
JgoctbiiHM Ni” aKTHBHHM MeCTa Ha IOBBPXHOCTTA. PErHCTPHUpPAHO € YaCTHYHO BBH3CTAHOBSBAHE HA ITbPBOHAYAIHATA
CJIONCTA CTPYKTYpa B 00pA3LHUTE C MO-BHCOKO ChABPKAHUE HA HUKEN CIIE]] MPUKITIOYBAHE HA KATAIUTHIHUSAT TECT.

[IpeanMcTBOTO Ha KAaTAIM3aTOPaA C HA-HUCKO ChABPYKaHNE HA HUKEJ ITPOJINYaBa MPH HUCKU PEAYKIIMOHHH U PeaK-
IIMOHHHU TeMneparypu. HeroBaTta mpon3BoANTETHOCT JOMHHHPA CIIe]T PEAYKIHS P T0-BUCOKU TEMIIEpaTypH Iopain
pomsita Ha NiAl,O, mmuneno-nogodHa ¢asza na aeiicTBa Kato ,,pe3epBoap’, HopaxkJal] HOBU KOJINYECTBA METaJICH
Huken. [ToHmkaBaHeTo Ha aKTHBHOCTTA Ha OCTAHAIUTE KATAaJIM3aTOPW CE MPUINCBA IJIABHO HA CHHTEPOBAHETO Ha
METAIHUST HUKEI.
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Synthesis and characterization of ZnO and TiO, powders, nanowire
Zn0O and T10,/ZnO thin films for photocatalyc applications
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The study concerns vertically well-aligned ZnO nanowires and TiO,~ZnO films on Si substrates. They were pre-
pared by a two-step chemical bath deposition (CBD) method, witch includes seed deposition and growth of ZnO
nanowires. SEM and X-ray diffraction are used for the ZnO and TiO,/ZnO thin films characterization. The film
thickness is of 3-3.5 um and the average diameter of ZnO nanowires is 100-150 nm, as determinated by SEM. Thus
prepared films (pure ZnO nanowires and mixed with TiO, nanoparticles) are tested in comparison to TiO, and ZnO
powder catalysts. TiO, doped ZnO nanowire films show a significant rise in the photocatalytic efficiency. The photo-
catalytic tests are performed in cylindrical glass reactors under UV and visible light irradiation. The effect is due to the
successful separation of photogenerated charge carriers in the prepared TiO,/ZnO photocatalytic film. The pollutants
concentrations are 20 ppm Orange II for slurry and 10 ppm for film photocatalysis. The photodegradation of organic

dye Orange II is observed spectrophotometrically.

Key words: ZnO nanowires, TiO,, composite films, Orange II, photocatalysis.

INTRODUCTION

Nanomaterials are of tremendous interest due
to their noticeable application in electronics, op-
tics, and photonics. Nanomaterials are generaly
classified into three groups: O-dimensional, 1-di-
mensional, and 2-dimensional. Zero-dimensional
nanostructures, referred to as quantum dots or na-
noparticles with an aspect ratio near unity, have
been extensively used in biological applications [1].
Two-dimensional nanomaterials, such as thin films,
have also been widely used as optical coatings,
corrosion protection, and semiconductor thin film
devices. One-dimensional (1D) semiconductor na-
nostructures such as nanowires, nanorods (short na-
nowires), nanofibres, nanobelts, and nanotubes have
been of intense interest in both academic research
and industrial applications. This is due to their po-
tential as building blocks for other structures [1]. 1D
nanostructures are useful materials for investigating
the dependence of electrical and thermal transport

* To whom all correspondence should be sent:
E-mail: nhasb@wmail.chem.uni-sofia.bg

or mechanical properties on dimensionality and size
reduction (or quantum confinement) [2]. They are
also important because of their interconnections and
functional units in the fabrication of electronic, op-
toelectronic, electrochemical, and electromechani-
cal nanodevices [3]. In todays research zinc oxide
(ZnO) nanowire is one of the most important among
the one-dimensional (1D) nanostructures [4].

The band gap energy plays a significant role in
the photocatalytic process. Figure 1 shows the band
gap energies and the band edge positions of a com-
mon semiconductor photocatalysts [5—7]. It is im-
portant to have in mind that, the band gap values of
ZnO, reported in the literature, are not all equiva-
lent due to the different levels of the O vacancyes
in ZnO [8]. ZnO has also been considered as a suit-
able alternative of TiO, because of its comparability
with TiO, band gap energy and its relatively lower
cost of production [9, 10].

ZnO is a semiconductor with a direct wide band
gap energy (3.37 eV) and has a large exciton bind-
ing energy (60 meV) at room temperature [11].
TiO, has similar large band gap — 3.2 eV for anatase
modification. It is most widely used photocatalyst
since it is chemically stable, nontoxic and natural

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 625
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material [12].The band gaps values of TiO,and ZnO
show that near UV irradiation is needed for photo
activation of both oxides.

Different authors apply various methods of mod-
ification like ball-milling [13], doping and co-dop-
ing [14, 15] to obtain efficient photocatalysis under
visible light with ZnO and TiO,. Composite materi-
als are another approach to achieve this goal. There
is a number of investigations reporting such effect,
achieved by addition of variety of oxides such as
SnO, [16, 17], SiO, [18], CeO, [19], ZnO [20-23],
WO, [24] and ZrO, [25]. Application of supported
bycomponent catalysts from two semiconductor
oxides also alters the electronic properties, as com-
pared to the initial material, in turn affecting charge
photogeneration, charge separation and transfer, as
found for ZnO overlayers on TiO, [26]. Other study
reports about significant inhibition of the particle-
to-particle electron transfer established for thin ZnO
shell on a TiO, core [27].

To clarify this effect, ZnO films with TiO, over-
layer have been studied. The new element here is
investigation of the photocatalytic effect due to the
combination of the two semiconductors, presented
in different forms as nanowires and nanoparticles.
This effect is checked in degradation of the com-
monly used organic dye Orange II in aqueous solu-
tion and compared using TiO, and ZnO nanowire
film. The aim is to prepare and characterize ZnO
nanowire film and TiO,/ZnO photocatalyc film,
suitable for application under illumination with UV
and visible light irradiation.

EXPERIMENTAL

The reagents and materials used in the experi-
ments were: Zn (CH,COO),.2H,0 and 2 methox-
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Fig. 1. Band edge positions of common semicon-
ductor photocatalysts (data from [5-7])

yethanol from Fluka, methenamine from Reidel de
Haen, TiO, anatase and Orange I (Amax = 484 nm)
from Sigma Aldrich. Si substrates (50x50%2 mm)
from ISO-LAB (Germany) were used as supports for
the films. The ZnO nanorods used in this investiga-
tion were grown on Si substrates by chemical bath
deposition (CBD). It is a two step process, on a sub-
strate treatment prior to the CBD growth. The first
stage was ZnO seed deposition for next growth of
nanowires. The pretreatment of the substrates is con-
ducted by spin-coating (spin coater KW-4A, Chemat
Technology Inc, 2200 rpm). A substrate with a so-
lution of zinc acetate dihydrate (Zn(C,H,0,),2H,0),
dissolved in pure ethanol with a concentration of
5 mM, was used to control the diameter of ZnO nano-
rods. Then the seeded substrate was rinsed with dis-
tilled water, dried and annealed at 320 °C for 20 min.
The next step was growth of ZnO nanowires on the
as-prepared seeds. For this purpose the seeded sub-
strates were kept for 3h placed in aqueous solutions
of zinc nitrate hexahydrate [Zn(NO,),6H,0, 99.9%
purity grade] and methenamine (C;H,,N,, 99.9% pu-
rity grade) containing also methenamine (25 mM).
After that the substrates were rinsed with distilled
water and placed again in new precursor solution. In
the CBD growth, the concentrations of both reagents
were fixed at 0.1M. The pretreated Si substrates were
immersed into the aqueous solution, and ZnO was
grown at an constant temperature of 93 °C. This step
was repeated 8 times and the final films were dried in
air [28]. The mixed films were prepared by impreg-
nation of the ZnO coating with TiO, suspension in
ethanol in selected ZnO:TiO, ratio 3:1 (weight) [27].

The prepared ZnO and mixed films were charac-
terized by X-ray analysis (diffractometer Siemens
D 500, CuKa source radiation at a step of 0.056 for
2h and counting time 2 s/step) and scanning elec-
tron microscopy (SEM, JEOL JSM-5510).
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The photocatalytic action of the films was ex-
amined in photoinitiated degradation of the organic
dye Orange II in water solution (10 ppm, 150 ml)
under UV (Sylvania 18 W BLB T8 lamp, emit-
ting mainly in the range 315400 nm) and visible
(linear TUNGSRAM lamp 500 W KI1R7 s, 9700
Lm) light irradiation. Three series of experiments
were performed with the powder and with the film
samples: under UV and visible light irradiation.
Photocatalytic experiments with commercial and
prepared by us powder samples were conducted
prior testing of the films. The detailed procedure of
photocatalytic experiments is described elsewhere
[29, 30]. Spectrophotometer (Jenway 6400) deter-
mined the change in the dye concentration within
the time of photocatalysis.

RESULTS AND DISCUSSION

SEM analysis is used to study the morphology of
as-prepared films. Figure 2 shows a schematic view
of ZnO nanowires film produced by chemical bath
deposition (CBD). The ZnO nanowires obtained
are of hexagonal crystal structure. The SEM micro-
graphs show uniform films of high density (3.1x10°

FSM=55 18 4™
N X {

Fig. 2. SEM images of top view of the ZnO nanowires

numbers of nanowires per cm?). The ZnO nano-
wires grown on Si substrate are of approximately
3-3.5 um length and 100-150 nm in diameter.

The microscopic observations of the ZnO na-
nowires and TiO, nanoparticles in the TiO,/ZnO
film on Si substrate are shown in Fig. 3.
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Fig. 3. SEM images of TiO,/ZnO nanowire arrays: (a), (b), (c) TiO,/ZnO arrays (top view) at different magnifications;
(d) shows films cross section — TiO,/ZnO nanowire array with TiO, nanoparticles film on the top
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Figure 3 shows impregnated ZnO:TiO, of weight
ratio 3:1. Samples are 100% crystalline. TiO, nano-
particles of about 0.05 pm average diameter can be
clearly seen unevenly distributed between the ZnO
nanowires along the entire films surface (Fig. 3a).
The bottom layer of ZnO nanowires and upper layer
of TiO,/ZnO nanoparticles can be clearly seen in
Fig. 3b and 3c. Figure 3d shows the composite films
Cross section.

Figure 4 represents XRD patterns of commercial
TiO, anatase, ZnO powder from Aldrich and ZnO
nanowire films.

It is clear from Fig. 4a that the nanowires can
be classified as hexagonal wurtzite ZnO, and the
dominating (002) peak at 34.4° indicates that the
nanowire is well crystallized and grows in preferred
orientation perpendicular to the substrate, which is
in perfect agreement with the data from SEM obser-
vations. The XRD of mixed TiO,/ZnO powder and
nanosized film with pointed characteristic peaks of
anatase and zinc oxide is presented in Fig. 4b. The in-
tensities of the main peaks of ZnO differ from those
of a mechanical mixture. After addition of TiO,, the
two ZnO peaks (100) and (002) are the strongest,
indicating a slight change of the preferred orienta-
tion. The size of crystallites is calculated following
Sherrers equation for ZnO from the (100) peak and
for TiO, from the (101) peak (Fig. 4b) as they are
relatively strong and single for the respective metal
oxide. The crystallite size in direction perpendicular
to the (101) plane remains the same (33.9 nm) as
in the nanowire ZnO film, whereas the crystallite
size in direction (100) changes from 33.0 before the
preparation procedure to 35.9 nm after it.

The results from the photocatalytic experiments
with commercial powders of TiO, and ZnO sam-
ples are shown in Table 1. The adsorption degree
of Orange II onto different catalysts surface at 30™
minute of contact without any illumination are also
presented. Blank experiments with pure dye solu-
tions, irradiated with the respective lamps (UV or
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2
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2
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Fig. 4. Comparative XRD patterns of (a) commercial
ZnO powder to nanowire ZnO film and (b) XRD pattern
of mixed TiO,/ZnO film of weight ratio 3:1

visible), are performed prior the photocatalytic
tests. No significant photobleaching of the pollut-
ants solution is observed upon UV or visible light
illumination, meaning that the direct dye photoly-

Table 1. Rate constants, adsorption and photodegradation degrees reached in the experiments with different
photocatalytic samples. The duration of photocatalytic tests is 1 h for all powders (denoted as *) and 2.5 h

for film samples (denoted as **)

Type of [llumination Darkness (0.5 h)

uv VIS

Quantity Absorption, % Degradation, % Rate cgnstant, Degradation, % Rate cgnstant,
Sample min™! min™!
Orange 11 0 0 - 0 -
ZnO powder* 5 98 0.157 21 0.028
TiO, powder* 2 100 0.162 2 -
ZnO nanowire film** 15 29 0.0015 35 0.0019
Ti0,/ZnO nanowire film** 20 53 0.0038 73 0.0058
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Fig. 5. Schematic illustration of (a) ZnO nanowires; (b) TiO, suspension in ethanol; (c) ZnO nanowires with

TiO, nanoparticles

sis of is negligible at the particular experimental
conditions.

As seen from the experimental data, both TiO,
and ZnO successfully degrade Orange II under UV
illumination approximately — the achieved after 1 h
of photocatalysis dye degradation is 100% and 98%
respectively. Zinc oxide has also photocatalytic ac-
tivity under visible light irradiation (19% dye deg-
radation at 1** h of illumination).

A comparison of the photocatalytic tests, con-
ducted with prepared by us ZnO nanowire and
mixed TiO,/ZnO films is presented in Table 1. As
seen from the Table, the ZnO films have not very
high efficiency: 28% of Orange II degradation is
reached for the UV and 35% for the visible light
photocatalysis at 2.5 h of irradiation. The composite
TiO,/ZnO films express more efficient degradation
of Orange II in aqueous solutions in both cases of
UV or visible illumination. Highest degree of dye
degradation for UV (53%) and for visible light
(72%) irradiation, are achieved with the mixed
Ti0,/ZnO photocatalytic films.

The observed higher rate of degradation with
mixed TiO,/ZnO than that with ZnO films is a
complex result of at least two effects and can be
explained by the change in the surface morphology
as represented in the scheme of the mixed photo-
catalyst below (Fig. 5). As seen from the scheme,
the addition of titania nanoparticles to the dense na-
nowire structure drastically increases the amount of
illuminated catalysts surface and allows more effi-
cient utilization of ZnO nanowires in the photocata-
lytic reaction. On another hand, the combination of
two nanosized semiconductors with close band gaps
(Fig. 1) in form of wires and particles increases the
contact between TiO, and ZnO and favors effective
charge separation of the photogenerated charge car-
riers under light excitation and therefore reduces the
losses of recombination.

CONCLUSIONS

Nanowire TiO,/ZnO films of 3-3.5 um thick-
ness are prepared on Si substrate. The zinc and
titania oxides are present in the composite film as
wurtzite and anatase respectively. The films exhibit
a good homogeneity and nanocrystallinity as shown
by SEM and XRD analysis. The average diameter
of ZnO nanowires is 100-150 nm, as determined
by SEM. The as-prepared films (pure and mixed
with TiO,) are tested in light induced degradation
of the organic dye Orange Il from water solutions.
Significant rise in the photocatalytic efficiency is
established with the composite TiO,/ZnO nanowire
film. The trend is confirmed under both sources
of illumination — UV and visible light and is due
to composites morphology and successful charge
separation.

Acknowledgements: This research is financially
supported by FP7 project Beyond Everest.
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CHUHTE3 1 XAPAKTEPU3UPAHE HA ITPAXOBE OT ZnO U TiO,, ThBHKU ®UJIMU
OT ZnO HAHOXXWYKU U TiO,/ZnO 3A POTOKATAJIIMTUYHU I[TPUIIOXKXEHM A

JI. K. Kpscrera', K. 1. [Tanazosa', A. C. boxxunosa'*,
H. B. KeneBa!, A. A. Anioctosnos?

! Jlabopamopus no Hayka u mexHonocus Ha HaHouacmuyu, kameopa Obwa u HeopeaHuiHa Xumus,
@axkynmem no Xumus u @apmayus, Couiicku ynusepcumem, Coghus 1164, Bvreapus

2 Jlabopamopus no cmpykmypa u ceoiicmea Ha noaumepu, Kameopa IIpunodxcna opeanuuna Xumus,
@axynmem no Xumus u @apmayus, Couiicku ynusepcumem, Coghus 1164, Bvreapus

Toctprmna pespyapu, 2013 r.; mpueta maif, 2013 1.

(Pesrome)

OOexT Ha HacTosMmaTa padoTa ca GUIMH OT BEPTHKAIHO MojapeaeHn ZnO HAHOKMYKH BbPXY Si HOATI0XKKA, Kak-

To M TakuBa gotupanu ¢ TiO,. M3cieaBanure odpa3ny ca MOTYyYEHH 110 METO/Ia HA XMMUYHO OTJIaraHe 4pe3 JIBY-
eTaItHa MpoIeypa, BKIIOYBAIIA 3apOJUII000pa3yBaHe U ITOCIeIBAl] KPUCTAJICH pacTeK Ha HAHOKWYKUTE OT ZnO.
Teukure ¢ ot ZnO u TiO,/ZnO ca xapakTepusupaHu CbC CKaHMpalla enekTpoHHa Mukpockonus (CEM) u
penrrenoBa audpaxmms. Onpenencrara cbc CEM nebenmna Ha Grmma e 3-3.5 um, a cpemTHusIT TuaMeThp Ha HaHO-
xkuakute oT ZnO e 100-150 nm. [Tomygyernte ot Hac Gpummu (0T ynuct ZnO HAHOKWYIKHU U TOTUPAHU C HAHOYACTUITH
Ti0,) ca u3nuranu 3a GOTOKATATIN3A U ICHCTBUETO UM € CPABHEHO C TOBa HA KaTaNUTHYHM npaxose oT TiO,n ZnO.
@DoTOKATATUTHIHUTE EKCIIEPUMEHTH Ca ITPOBE/ICHN B IMIIMH/IPUYCH CTHKIICH PEaKTop MpH o0mbuBaHe ¢ Y B nm Buauma
cBeTMHa. V3xomHaTa KoHIeHTparws Ha 3aMmbpeutens Opamxeso 11 e 20 ppm 3a cycrensust u 10 ppm 3a hoTokaTamisa
¢ ¢unmu. PoTopaszrpakaHeTo Ha 0arpmiIoTo e mpocieaeHo cnekrpodoromerpuyno. Jotupanute ¢ TiO, punmmu ot
ZnO HaHOXWYKH ITOKA3BaT 3HAYNTEITHO ITOBHIIICHA (poTOKaTANTHYHA eeKTHBHOCT. HabmonaBanusT eekt ce IbIMu
Ha yCIIEIIHO pean3upano pasjenenue Ha ororenepupannte 3apsiu B cuaresupanute Ti0,/ZnO dpummn.

630



Bulgarian Chemical Communications, Volume 45, Number 4 (pp. 631-634) 2013

The behaviour of osmium ions in the tetrahedral oxygen coordination

P. Petkova*, P. Vasilev, I. Dimitrov

Shumen University “Konstantin Preslavsky”, 115 Universitetska street, 9712 Shumen, Bulgaria

Received February, 2013; Revised May, 2013

In this work, the absorption spectrum of Bi,,Si0,,:Os is investigated. The crystal changes its state from the un-
treated to the illuminated. The experiment is conducted at the room temperature in the spectral region 1.6-2.2 eV. The
energetic diagram of the electron transitions in Os**is presented. The Schrodinger equation is solved for the Os** ions

which are chemically bonded with the oxygen ions.

Key words: Schrodinger equation, doped sillenites, transition metal ions.

INTRODUCTION

The sillenite-type Bi,,Si0,, (BSO) crystals dis-
play optical activity and a strong photochromic
effect. They are applied in dynamic holography,
optical information processing, optical phase con-
jugation and real-time interferometry [1, 2]. This
is the reason for the investigation of their optical
properties. The determination of the valence and the
local symmetry of the involved dopants in the crys-
tal structure is very important for the optimization
of the synthesis conditions of these materials. That
is why the aim of the present work is to present the
energy level diagram of Os** in BSO:Os.

EXPERIMENTAL

The crystals were prepared from a stoichiomet-
ric solution using the Czochralski method. The pu-
rity of the starting oxides used was 99.9999% for
Bi1,0, and SiO,. The structure of the sillenite is the
final result from Si** tetrahedrons and Bi** octahe-
drons. The dopant was placed in the melt solution
in the form of the oxide OsO,.The concentration of
the ruthenium ions in the crystal lattice was Os —
6.33x10%° cm™. The maximum ruthenium concen-
tration in the melt was established by several experi-
ments which determined the optically homogeneous
doped crystals without other phase inclusions. The

* To whom all correspondence should be sent:
E-mail: Petya232@abv.bg

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

diameter of the synthesized crystals was 30-45 mm
and their lenght was 70—-100 mm. The experimental
set up for the measurement of the absorption co-
efficient in the visible region consisted of the fol-
lowing: a halogen lamp with a stabilized 3H-7 recti-
fier, a SPM-2 monochromator, a system of quartz
lenses, a polarizer, a crystal sample holder, and a
Hamamatsu S2281-01 detector. The investigation
was carried out with an untreated sample that has
been illuminated with UV light for 30 min.

RESULTS AND DISCUSSION

The absorption coefficient of the investigated
samples has been measured to be between 564 and
775 nm (Figs.la and 2a). The first derivative of
the absorption coefficient at photon energy is cal-
culated to be in the 564—775 nm spectral region.
The [do/d(hv)] determines only the number of elec-
tron transitions in a Os*>" ions and it does not give
an exact information about the energy position of
these transitions (Figs.1b and 2b). This is the rea-
son for the calculation of the second derivative of
the absorption coefficient [d?a/d(hv)?] (Figs.1c and
2¢). The absorption coefficient is calculated us-
ing the formula: (1) a = (1/d)In(I/I),where | is the
intensity of the incident light, I is the intensity of
the passing light and d is the sample thickness. The
components of the Os’* structure that are connected
with the electron transitions are *T  (*F) — *T,,(*F)
(Fig. 3). Our assumption is that Os’* replaces S1*" in
the silicon tetrahedrons. The ionic radius of Os>*
ion is 0.575 A and the ionic radius of Si** ion is
0.40 A. Thus the oxygen tetrahedrons are shortened
along z axis and Jahn-Teller effect is bigger than the
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Fig. 1. a) The absorption coefficient a(E), b) first deriva-
tive do/dE and c) second derivative d*o/dE? for the un-
treated Bi,S10,,:0s

spin-orbit interaction there. If the Os>* ion is caught
by a one-dimensional hole than its potential can be
described as: 1) V =0, a<x<b (a, b are the borders
of the hole) and 2) V = « in the other cases. In the
first case the Schrédinger equation has the follow-
ing form: (2) Ey(x) = — (h¥/2m)*(d*y/dx?) [3]. If
k = (2mE)/h? after some transformations we will
find that (3) (d*y/dx?) + k?y = 0. The solution of the
last equation is (4) y(x) = Asin(kx) + Bcos(kx). The
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Fig. 2. a) The absorption coefficient a(E), b) first deriva-
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minated Bi,,S10,,:0s

constants A and B are determined by normalizing
the wavefunction i.e.

[ wefa=1.

In our situation A = V(2/a) and B = \(2/b). When
y(a) = 0 than ka = nw and kb = (2n+1)x. Thus k
= [(nt1)r]/(b—a), n = 1, 2, ... Therefore the final
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Fig. 3. The energetic diagram of Os>* ion in the tetrahe-
dral symmetry

form of the solution (4) is y(x) = Asin{[(n+1)x]/
(b-a)} + Bcos{[(nt+1)x]/(b-a)}. When the Os*" ion
is caught by a one-dimensional hole than its wave-
function is y(x) = 0.0592*sin{[(2+1)x]/(775-564)}
+ 0.51*cos{[(nt1)r]/(b-a)} or in the end y(X) =

0.0592*sin(0.0446x) + 0.51*cos(0.0446x). This is
the way to calculate y(x) at each minimum on the
Figs. 1c and 2c. The values of the wavefunction are
respectively y,;(2.06) = 0.4817; y,(1.92) = 0.4754;
y,(1.81) = 0.4693 for the untreated BSO:Os and
y,(1.98) = 0.4783; y,(1.83) = 0.4704; y,(1.73) =
0.464 for the illuminated doped sample. The energy
of the basic state of Os** ion is E, = (7?*h?)/[2m(b—
a)’] and the energy of the first excited state is E,
= [2%*(n**h?)]/[2m(b—a)*]. The difference between
these two energies is AE = 8.7 cm™'. The distance
between the energy levels “T, (*F) and “T,,(*F) is the
same (Fig. 3).

CONCLUSIONS

The illumination with UV light leads to the shift-
ing of the energy position of the electron transitions
to the bigger wavelengths.

Jahn-Teller effect is bigger than the spin-orbit
interaction in the oxygen tetrahedrons.

The Schrédinger equation is solved in the spec-
tral region of the osmium absorption structure.

The values of y(x) decrease with the increasing
of the wavelength in the spectral region of the Os**
structure.
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INOBEJEHME HA OCMMEBU MOHHU B TETPAEPUYHO
KHUCJIIOPOAHO OBKPBXEHUE

I1. ITerkoBa*, I1. Bacunes, U. lumutpos

Llymencku ynusepcumem ,, Enuckon Koncmanmun Ilpecrascku
ya. ,, Yuueepcumemcka “ Nel 15, 9712 Llymen, bvreapus

Ioctpnmna pespyapu, 2013 r.; mpueta maii, 2013 1.
(Pesrome)

B Ta3u pabora e u3cnenBan cekTbpa Ha norirbiane Ha Bi,Si0,,:0s. ChCTOSHHETO Ha KpHCTalla ce IIPOMEHS OT
HETPETHPAHO B OCBeTEeHO. EXCIIEpUMEHTHT € IIPOBE/ICH MPH CTalfHa TeMIIepaTypa B CeKTpaiHaTa oomact 1.6-2.2 eV.
[pesacraBena e eHepreTUYHATA JUarpaMa Ha enekTpoHauTe npexoau B Os®. Pemeno e ypasHenuero ua lllpsoaunrep
3a ionute Os>*, KOUTO ca XMMHUYECKH CBBP3aHH C OOKPHKABAIIUTE TH KUCIOPOIHH HOHU. OOIBUYBAHETO C yITPABH-
0JIETOBA CBETJIMHA BOJIM 10 OTMECTBAHE HA €HEPIETUYHOTO MOJIOKEHUE Ha IPEXOJUTE HA €IEKTPOHNTE KbM HO-TOJIe-
MUTE JBDKUHY Ha BBIHATA. EQekTsT Ha AH-Temep e mo-roisam B cpaBHEHHE ChC CIUH-OPOUTAITHOTO B3aUMOICHCTBIE
B Kuciopoanure Terpaenpu. CToiiHOCTHTE Ha W(X) HaMaJIsiBaT ¢ HapacTBaHE HA ABJDKWHATA HA BBHIHATA B CIIEKTpPAIl-
HaTa obnact Ha abcopOunonHara ctpykrypa Ha Os®".
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In this work, we investigate nanosized Fe-ZnO thin films, deposited on glass substrates by sol-gel method and
dip-coating technique. The precursor sol is prepared by dissolving of Zn(CH,C0OO0),.2H,0 and Fe(NO,),.9H,0 in
2-methoxyethanol with addition of monoethanolamine as surfactant. The Fe content in the ZnO thin films is selected
to be 0.25, 0.5 and 1 wt.%. Thin nanostructured films with two different coatings structures are prepared for the pho-
tocatalytic tests. The first one is formed by deposition of Fe-doped layer by 5 dip-coating cycles on standard micro-
scopic glass slides. The second type of hierarchically structured films is deposited onto glass substrates by two — step
procedure. The photocatalytic efficiency of the prepared films is tested using a textile dye, Reactive Black 5 (RBS5) in
aqueous solutions at different initial dye concentration, under UV or visible light irradiation. The dependence of pho-
tocatalytic activity on the (i) Fe content, (ii) presence or absence of ZnO sublayer under Fe doped layer, (iii) frequency
of irradiation and (iv) initial concentration of dye are investigated. For explanation of the observed results a compre-
hensive AFM investigation including fractal analysis of surface topography is performed. The relationship between
the observed photocatalytic behavior of the film samples and the obtained by AFM surface features is discussed.

Key words: ZnO:Fe thin films, sol gel, photocatalysis, Reactive Black 5, UV and visible light.

INTRODUCTION favored is favored in comparison to TiO,, in some
applications due to its higher quantum efficiency
[4-6]. However, the band gap of the above men-
tioned semiconductors require near UV irradiation
for their photoactivation. Therefore, different meth-
ods have been used to achieve an efficient visible

In the last decades, a large number of research
groups worldwide focused their attention on inves-
tigations on the use of sunlight, (5-7% UV, 46%
visible and 47% infrared radiation) as a beneficial

natural energy source for photocatalytic applica- light photocatalysis by these oxides, such as doping

tions [1, 2,]' No'wadays, there is a large problem in 54 co-doping with nonmetals [7-9] and transition
water purification from harmful pollutants (such . .01q [10, 11], surface modification [12, 13] and

as dyes, dmgs,. hormones, heavy‘ metals traces) in composite materials [14—16]. However, no matter
low concentrations. The most widely used photo-  f itq unique optical [17-20], magnetic [21, 22],
catalyst Tlog’ has_ a relatively large band gap (for  ¢jectrical [23] and gas-sensing properties [24-27],
anatase modlﬁca‘uon E=3.2¢V) and. is low a cost, only few investigations have reported on the photo-
ngtural, .chemlca!ly .stable and nontoxic material [31. catalytic photodegradation of organic contaminants
Zinc oxide has similar band gap (E,=3.2 eV) andis i, Fe-doped ZnO [28, 29].

There are a large number of commonly used dyes
available at the market. Between them, the most
* To whom all correspondence should be sent: used are reactive azo dyes. Additionally, these dyes
E-mail: nhasb@wmail.chem.uni-sofia.bg are the most problematic pollutants in textile waste-
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waters. The reason is that after the reactive dyeing
process is finished, more than 15% of the textile
dyes is lost in wastewaters during dyeing operation
[30]. So, in this work, we have selected Reactive
Black 5 dye (RBS), one of the most used reactive
dyes for textile finishing, as representative azo dye
pollutant for contaminated wastewaters from textile
manufacturing.

Textile wastewaters are large problem for con-
ventional treatment plants in the entire world. The
release of these wastewaters into enviroment is
harmful to aquatic life and mutagenic to human
beings. The removal of organic pollutants from
wastewater by heterogeneous photocatalysis is an
important method in environmental protection. As
a well-known photocatalyst, much attention has
been paid to ability of ZnO in degradation and
complete mineralization of dyes and other envi-
ronmental pollutants.

In this study we present for the first time nano-
sized hierarchical Fe-ZnO (Fe-content 0.25, 0.5 and
1 wt.%) thin photocatalytic films, deposited on glass
substrates via sol-gel method and dip-coating tech-
nique. The aim of this research is to investigate and
establish the dependence of photocatalytic activity
on the: (i) Fe content; (ii) existence or absence of
ZnO sublayer under Fe doped layer; (iii) frequency
of irradiation and (iv) initial concentration of dye.

EXPERIMENTAL

Materials and reagents

The following materials were used to manu-
facture ZnO thin films: zinc acetate dehydrate,
Zn(CH,C0O0),.H,0, (299.5%), 2-methoxyethanol
(>99.5%), monoethanolamine (>99.0%) and iron
nitrate hydrate, Fe(NO,);.9H,0, (=99.0%) from
Fluka. The glass slides (ca. 76x26 mm) for substrates
of ZnO films were from ISO-LAB (Germany).
Reactive Black 5 (C,(H, N.Na,O,,S,, A =595 nm,
dye content ca. 55%) was from Sigma-Aldrich.
Distilled water was used in the preparation of dye
solutions.

Zn0 and ZnO:Fe synthesis

Zinc oxide thin films with different concentra-
tions of Fe** doping (0.25, 0.5 and 1 wt.%) were
deposited on glass substrate by sol-gel meth-
od. The precursor sol is obtained using zinc ac-
etate dihydrate, 2-methoxyethanol and monoeth-
anolamine. As starting materials, zinc acetate
dihydrate [Zn(CH,COO),.2H,0] and iron nitrate
hydrate [Fe(NO,),.9H,0] were dissolved in 2-meth-
oxyethanol. Then, sol stabilizer, monoethanolamine
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(MEA) equimolar to the [Zn** + Fe*'], was added
to the above solution. The substances were mixed
together in a round-bottom flask and stirred at room
temperature for 15 min. The obtained clear solution
was heated up at 60 °C upon magnetic stirring for
60 min and let to age overnight. The resultant solu-
tion was clear and homogenous to serve as the coat-
ing substance for films. No visible changes were
observed in the sol upon standing of the precursor
at room temperature for at least 2 months.

Preparation of the coating solution

The dip coating is a simple and cheap technique
for deposition of thin oxide films. The deposition
of a layer of oxide material can be optimized by
controlling precisely the immersion and withdrawal
speed, number of dipping cycles and solution vis-
cosity for the purpose of deposition of a layer of
oxide material.

The ZnO films were prepared by dip coating,
drying and sintering of the material. Glass surfaces
(5%5 cm) were coated with the coating solution by
means of dip coating apparatus and withdrawing it
at rates of 0.9 cm/min at room temperature depos-
ited the gel films. It was found that higher with-
drawal rates result in films of lower quality. The
films were dried for 15 min at 80 °C in air after
each successive coating. The as-prepared gel films
were annealed at 500 °C for 60 min in order to
obtain the final ZnO films.

Thin nanostructured films with two different
coatings configurations were prepared for the pho-
tocatalytic tests. The first one was formed by depo-
sition of the Fe doped layer by 5 dip-coating cycles
onto standard microscopic glass slides. For produc-
ing of the second configuration, the glass slides are
covered firstly with a pure ZnO layer formed by
2 dip-coatings, prior the deposition of doped with
Fe ZnO layer produced by 3 dip-coating cycles. The
final iron doped films had slight orange-brownish
coloration, typical for the formation of Fe,O,, as
expected at the particular experimental conditions,
applied for films preparation.

Characterization of the films

The as-obtained at different annealing tempera-
tures ZnO thin films were analyzed by scanning
electron microscope (SEM) JSM-5510 (JEOL),
operated at 10 kV of acceleration voltage. Before
imaging, the investigated samples were coated with
gold by JFC-1200 fine coater (JEOL). The surface
morphology of ZnO films (pure and doped with
iron) was additionally examined by atomic force
microscopy (AFM) using an INTEGRA Therma
scanning probe microscope (NT-MDT, Zelenograd,
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Russia). Tapping mode imaging was performed in
air using silicon cantilevers (Type NSG01, NDT-
MDT, Zelenograd, Russia). In this work, fractal di-
mension analysis was performed by means of the
Open Source Software Gwyddion 2.21 [31] using
two different approaches: the cube counting method
and the triangulation method [32]. The crystalline
phase identification and unit cell parameters evalu-
ation was performed by X-Ray diffraction analysis
using Siemens D 500 diffractometer (CuKa source
of radiation at a step of 0.05 deg for 20 and count-
ing time 2s/step).

Photocatalytic degradation tests

The photocatalytic performance of the films was
examined using the degradation of Reactive Black
5 dye in aqueous solution. Nanostructured films
with two different configurations of the coating
structures were studied and compared for decolori-
zation of textile dye (initial concentration was 3, 5
or 10 ppm).

The measurement was conducted in cylindri-
cal glass vessel of 150 ml volume, equipped with
a magnetic stirrer and UV-lamp above (maximum
emission at 370 nm). The light power density at the
sample position was 0.66 mW/cm?. The light irra-
diation was measured with research radiometer of
Ealing Electro-optics, Inc. The lamp was fixed at
~15cm above the treated solution. The decolori-
zation process of RB5 was monitored by UV-Vis
absorbance spectroscopy after aliquot sampling at
regular time intervals. Each aliquot sample was re-
turned back to the reaction vessel immediately after
the spectrophotometrical measurement. All photo-
catalytic tests were performed at a constant stirring
rate (500 rpm) and room temperature (23+2 °C).
The effect of initial concentration of RB5 (3, 5 and
10 ppm) on the photocatalytic performance of the
films was also investigated. In all experiments the
optical absorbance spectra were measured by spec-
trophotometer Jenway 6400 in the wavelength range
from 400 to 800 nm. Control experiments without
any illumination (the reaction system was kept in
darkness) were also performed. The decolorization
rate of RBS is followed with time spectrophotomet-
rically at a wavelength of 595 nm (the wavelength
of maximum absorbance).

The degradation degree of Reactive Black 5 (%)
was calculated as:

C,-Ci

D% = x100 (1)

0

Here C, is the initial concentration of dye and
C, is the concentration of the dye after irradiation at
selected time interval ..

To investigate the photoinstability of pure and
doped ZnO films, produced in the current work,
some of the photocatalytic experiments were repeat-
ed three times, using a new dye solution with the
same initial concentration in each measurement. All
the results were reproducible. The absence of pho-
tocorrosion was also checked by Scanning Electron
Microscopy after finishing of all the three photo-
catalytic experiments of the samples. No changes of
the ganglia-like hills and wrinkled morphology of
the films was observed, which make us to conclude
that this kind of structure may increase somehow
photostability of the films and this is the subject of
our future investigations.

RESULTS AND DISCUSSION

Structure characterization

Recent review [33] summarizes the main chemi-
cal routes used in the sol—gel synthesis of ZnO thin
coatings and highlights the chemical and physical
parameters (precursors nature and concentration,
type of additive, coatings method, pre- and post-
heat treatment) influencing films structural prop-
erties. SEM images of the films, prepared by first
method were investigated in order to show how
their surface morphology influences the photo-
catalytic properties (Fig. 1). The morphology is
homogenous with the ganglia-like hills of a width
0.5-1 pm, length ~5 pm and height about Ipm
(Fig. 1a). The Fe-doped ZnO films express similar
morphology, as seen from the surface micrographs
of samples with 0.25-1 wt.% Fe** (Fig. 1b and
Ic). In the case of Fe-containing films, the gan-
glia are of a typical width 0.1-0.5 pm, length from
I um to 5 um and height of about 2.5-3 um. The
increase of Fe’* content leads to decrease of the
volume and size of ganglia-like hills, which look
more distorted and branched at their ends. The
ganglia-like hills are smaller and the morphology
is not homogenous.

Fig. 2 shows the AFM-images of the samples
recorded in tapping mode. It is well known that
AFM provides already a digitized image suitable
for numerical evaluation. Surface texture is char-
acterized by the height of its peaks, the depths of
its valleys and the distances that separate them.
Surface topography is usually described in terms
of surface roughness. Sometimes the root mean
square roughness (RMS) is associated to grain size
of film. However, surface roughness is solely a
function of height, that is, information about later-
al topography is lost. The calculation of the fractal
dimension gives a more general description than
the RMS surface roughness alone.
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Fig. 1. SEM images of ZnO films prepared by first meth- ~ Fig. 2. AFM images of ZnO doped with Fe**: (a) 0%,
od at different concentrations of Fe** doping: (a) 0%; (b) 0.25 wt%, (c) 0.5 wt% and (d) 1 wt%
(b) 0.25%; (c) 0.5% and (d) 1%

A fractal is a set for which the so called fractal . lgN
dimension D, always exceeds the topological di- D= lglgl lg(1/5) 2)
mension, but it is smaller than Euclidian dimension
of the space where the fractal is embedded. Fractal
dimension of a line in two-dimensional space char-  where N is the number of sticks measured using
acterizes the ratio of the change in detail to the the scaling factor ¢. Surfaces in three-dimensional
change in scale of a fractal pattern [32]. spaces are approximated using scaled cubes or tri-
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Table 1. Fractal dimensions and the roughness characteristics of ZnO
nanocomposites in dependence on iron doping concentration

Composition Ra, pm

RMS, um D,

Pure ZnO
ZnO+0.25 wt% Fe
Zn0O+0.5 wt% Fe
ZnO+1 wt% Fe

0.412
0.293
0.250
0.159

2.47
2.43
241
2.37

0.513
0.373
0.306
0.190

angles. In case of film growth on a two-dimensional
substrate, the fractal dimension lies within the range
2 <D, < 3, where a flat surface has a value D, = 2
and an increasing value of D, represents an increas-
ing surface roughness [32]. An advantage of AFM
images is that they are already digitized as required
for numerical evaluation of fractal dimension. Here,
the scaling factors range from pixel size to half of
the scan length of the image.

Fractal analysis of AFM-images allows detect-
ing surfaces local fractal dimensions. Due to a self-
affine surface (self-affinity refers to a fractal whose
units are scaled by different amounts in the x- and y-
directions), a local fractal dimension appears which
characterizes the increase in surface size compared
to a smooth surface.

The surface topography plays a crucial role in
predicting catalytic properties [32]. Obviously,
the larger surface area and roughness provide
greater number of activation centers which can fit
on it. Therefore the higher value of fractal dimen-
sion can indicate higher catalytic activity. Both the
cube counting and triangulation methods of fractal
analysis [31, 32] gave similar values. All roughness
characteristics the arithmetic average roughness
(Ra), the root mean square roughness (RMS) and
the fractal dimension (D) are significantly affected
by Fe** fraction. These parameters decrease with the
increasing of iron content (Table 1). The decrease
of fractal dimension with increasing of Fe** content
is correlated with results of photocatalytic activity
investigation, as described below.

The XRD spectrum (Fig. 3) of the clear ZnO
thin film consists of well-defined diffraction peaks
showing good crystallinity. The (100), (002), (101)
diffraction peaks of the sol-gel films appear clearly
at the annealing temperature, which can be attrib-
uted to the hexagonal wurtzite structure of ZnO.
The thin films consist in this case of polycrystal-
line grains with no preferential growth observed.
The calculated by Scherer crystallite size is 30 nm.
Nanostructure doped films contains a small amount
of'iron (0.25, 0.5 and 1 wt.%), which is not captured
by the X-ray diffraction.

500

400

300

200

Intensity (cps)

100

30 35 40 45 50
26, deg

Fig. 3. XRD spectra of clear ZnO films annealed for 1 h
at 500 °C.

Photocatalytic activity

In this work we photodegrade the dye Reactive
Black 5 (RB5), one of the most used reactive dyes
for textile finishing, as a representative dye pollut-
ant for industrial wastewaters. The bleaching rate of
RBS5 is followed with time spectrophotometrically
at a wavelength of 595 nm (the wavelength of maxi-
mum absorbance).

The photodegradability of the dye is investigated
by exposing the dye solution under UV light in the
presence of undoped and doped ZnO photocatalyst,
prepared by the two different methods. The depend-
ence of the degradation rate on time under UV-light
is illustrated in Fig. 4. The figure compares the ki-
netic curves of RB5 decolorization of undoped and
doped ZnO photocatalyst with the irradiation time.
The pure ZnO films have the highest decoloriza-
tion percentage under UV-light illumination (more
than 90% in 180 min of irradiation). The ZnO doped
with Fe** samples (0.25 wt%, obtained by the first
method) have higher photocatalytic efficiency
and faster mineralization RB5 (D = 68.75%) than
those, prepared by the second method (D = 52.25%,
Fig. 4). Therefore, we investigated more completely
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Degradation of RB5,%

Pure ZnO
First method
Second method

Fig. 4. Photocatalytic degradation of the Reactive Black
5 concentration (3 ppm) in aqueous solutions under UV-
light illumination of ZnO and ZnO-Fe (0.25 wt%) films,
deposited by two methods

the photocatalytic properties of the films, obtained
by the first method.

Fig. 5 shows bleaching kinetics of RB5 in aque-
ous solutions by ZnO and ZnO:Fe films under UV
and visible light illumination. The reaction kinet-
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Surface and photocatalytic properties of nanostructured ZnO thin films doped with iron

ics is revealed by plotting the natural logarithm of
concentration ratio, In(C/C,), versus the irradiation
time, ¢. The solid lines indicate that the reaction is of
first order kinetics. They are plotted following the
equation below:

In(C/C,)=—kt 3)
where, C, is the initial absorbance of dye solution, C
is the absorbance at time ¢, and % is the reaction rate
constant. The value £ is evaluated from the respec-
tive logarithmic plots of the experimental data.

As seen from Fig. 5, the pure ZnO film has
the highest photocatalytic activity, which corre-
sponds to a highest £ value (under UV and vis-
ible, k£, =0.0153 min ' and £,=0.0095 min'). The
photocatalytic activity of the doped ZnO is rather
low. It is interesting to note that the & values of
composite film with ZnO:Fe (under UV and vis-
ible, £,= 0.0013 min"' and k, = 0.0008 min') is
considerably lower than that of pure ZnO. These
experimental results are obtained for two inde-
pendent series of experiments — under UV or vis-
ible light illumination.

100
() b ] o E
0 60 120 180 101%  0O05%
B0.25% 00%
(2)
100
80 120 180(at% G0&%
n02% ol%

(®)

Fig. 5. Bleaching kinetics of RBS5 in aqueous solutions by ZnO and ZnO-Fe films under (a) UV and (b) visible light

illumination. The initial concentration of dye was 3 ppm

640



N. Kaneva et al.: Surface and photocatalytic properties of nanostructured ZnO thin films doped with iron

Nanostructured ZnO films degrade faster the
dye (under UV and visible, D, = 97.76% and D, =
78.45%) and have the better photocatalytic prop-
erties compared to ZnO films doped with 1 wt.%
iron. They degrade 21.88% of RB5 under UV-light
illumination at the end of the process (180 min).
The experimentally established results that the pure
films are better catalysts compared to ZnO:Fe are in
good agreement with the observed difference in the
surface morphology for these samples (SEM im-
ages in Fig. 1).

The results confirm that the prepared films with
significantly developed surface are better photocat-
alysts, as the higher surface area favors the rates of
the heterogeneous photocatalytic reaction.

Decolorization of RB5 by ZnO films
in darkness

The results from experiments without any illu-
mination (Fig. 6) are compared with respect to the
apparent rate constant k. The concentration of RB5
decreases also without illumination, but much slow-
er in comparison with the respective photocatalytic
counter parts. As seen from the data in Fig. 6, the
rates of dye decolorization are very low for all the
investigated samples. Among them highest degree
of RBS5 bleaching is achieved with the ZnO film —a
trend, similar to the observed from photocatalytic
experiments. This fact leads to the conclusion that
the absorption stage plays significant role in pho-
tocatalytic reactions on ZnO surface. In case of ex-
periments without illumination there is no crucial
dependence of the rate constant k on the percent of
the dopant, as well as on the initial dye concentra-
tion (C,). As seen, linear fits for first-order kinetics
are not much appropriate in this case. The decrease
of RB5 concentration in these cases can be con-
sidered as the interplay of at least two processes:
(i) adsorption of RB5 on the ZnO films surface and
(i) some kind of dye destruction process, taking
part on the ZnO films even without illumination.
This assumption needs further proofs and will be
a subject of future studies. Despite these complica-
tions, we assume the simplification to fit the experi-
mental data (from the experiments in darkness) as a
single reaction process with rate constant & in order
to compare this result to the results from the photo-
catalytic experiments.

CONCLUSIONS

Pure and iron doped ZnO films with two differ-
ent coating configurations structure are deposited
by sol—gel via dip coating technique. The films were
characterized by SEM, AFM and UV-Vis spectro-
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Fig. 6. Decrease of Reactive Black 5 by ZnO and ZnO-Fe
films in darkness. The initial concentration was 3 ppm

scopy. Nanostructured films manufactured by the
first method demonstrate higher photocatalytic ef-
ficiency and faster mineralization of RB5 in com-
parison with these, prepared with the one of the sec-
ond procedure. The addition of 0.25-1 wt.% of Fe**
ions to the precursor modifies the film morphology
(decreases the ganglia-like hills) and reduces the
photocatalytic activity of ZnO. The kinetics of pho-
tocatalytic reaction is systematically studied under
UV or visible light illumination and in darkness at
different system parameters —amount of iron doping
and the initial concentration of Reactive Black 5 in
aqueous solution. The photocatalytic efficiency of
pure ZnO films is higher than the activity, achieved
by iron doped film under UV-light illumination,
with a rate constant of 0.0153 min' (ZnO) much
greater than that of 0.0013 min! (ZnO:Fe(1%)).
The undoped films have the highest photocatalytic
activity in comparison with the doped ones under
visible light illumination. Our results are promising
for the development of doped ZnO photocatalysts
and their future application under visible light.
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IIOBBPXHOCTHU 1 ®OTOKATAJIMTUYHU CBOMCTBA
HA JOTHUPAHU C XEJIA130 HAHOCTPYKTYPHUPAHU
TBbHKU ®UJIMU OT ZnO

H. Ksnera!, A. [Tonomapea?, JI. Kpscrea', 1. lumutpos!, A. boxxuHoBa'*,
K. IManazoga', I'. Cyuanex?, B. Momraukos**

! Jlabopamopus no Hayka u mexHonocus Ha HaHouacmuyu, kameopa Obwa u HeopeaHuyHa Xumus,
Daxynmem no xumus u papmayus, Couiicku ynusepcumem, Cogpua 1164, Bvacapus
2 Jlabopamopusi no enexkmponuxa na mevpoomo cvcmosivue, TY Jpeszoen, /pezoen 01062, I'epmanust
3 Kameopa ,, Muxpo-nanoenekmponuxa*, [{wpoicasen ynugepcumem no eieKmpomexHuxa,
Canxm Ilemepbype , 197376, Pycus
* Kameopa ,, Unmezpupana enexmponuxa *, Canxm Ilemepoype, /[opocagen noiumexnuiecku
yrusepcumem, Canxkm Ilemepoype, 195251, Pycus

Toctpmmna pespyapu, 2013 r.; mpueta maii, 2013 1.
(Pesrome)

B Hacrosimara pabora n3cnensame HaHopasMepHu Fe-ZnO ThHKH QUIMH, OTIOXEHH BBPXY CTBHKICHH ITOIOK-
KH 9pe3 30J-Tell MeTO/I M TeXHHWKa Ha MOTaIsiHe Ha mouiokkarta (dip-coating). IIpexypcoOpHHAT 3011 € MOMy4eH upes3
pasztBapsne Ha Zn(CH,COO0),.2H,0 u Fe(NO;),.9H,0 B 2-MeToKCHETaHO, ¢ 100aBKa OT MOHOETAHOJIAMHH KaTo I0-
BBPHOCTHO aKTHBEH areHT. ChabpxkaHuero Ha xkems130 B ZnO TeHKH Guamu e 0.25, 0.5 w1 mac.%. TeHKHATE Ha-
HOCTPYKTYpHpaHH (QUIIMH ca C 1B pasIMYHU HOKPUTHUS 32 HOTOKATATMTHYHUTE TecToBe. [IbpBUTE ca Moy4eHH Ype3
OTJIaraHe Ha 5 CJI0S OT JOTHPaH C JKeJsI30 30J1 BEPXY CTaHAAPTHU MUKPOCKOIICKU CTBKJIA. BTOpUAT THI HepapXu4HO
CTPYKTYypHpaHH QHUIMH Ce OTJIaraT BbpPXY CTBKJICHH HOJIOKKH 4pe3 AByeTalHa mpoueaypa. doTokatauTHYHATA
e(eKTUBHOCT Ha IMOTydeHUTE (QMIMHU € TeCTBaHA BBPXY TEKCTWIHO Oarpmio, Peaktnano Yepro 5 (RBS) BB Bo-
JICH pa3TBOP IPH PA3IMYHM HAYAIHW KOHLEHTPALWK Ha Oarpuwiioro, npu obibyBaHe ¢ YB wiu BUIMMa CBETIMHA.
W3cnenBana e 3aBUCHMOCTTA HA (POTOKATANATHYHATA aKTHBHOCT CIPsMO (1) ChIBbpIKaHUETO Ha JKENs30, (ii) Hamndme-
TO WK OTChCTBHETO Ha ZnO moxcnoit mox Fe notupanus cioid, (iii) yecrorara Ha oOrp4BanHe U (iv) Ha9a HATA KOH-
LEHTpaLus Ha 0arpuiioTo. 3a 00sCHEHNe Ha HAOII0IaBaHUTE PE3YJITATH ca M3BBPIICHN IsIocTHH ADM H3cienBaHus
BKITIOYHTEITHO U (ppaKTalieH aHAIU3 Ha MOBBPXHOCTTA (Tomorpadus). OO0chaeHa € Bph3KaTa MeKIy HaOII01aBaHOTO
(oTOKaTATUTHYHO NOBeJIeHUE Ha GuimuTe U norydeHute AOM HOBBPXHOCTHHU XapaKTEPUCTUKH.
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Researches on the structure and properties of heat treated, nickel alloyed,
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The changes, after heat treatment, in the microstructure and hardness of copper-aluminum alloys, additionally
alloyed with Ni and modified with Mo are investigated and described in the present study. The changes in the
microstructure largely are determined by the presence of Ni in the composition of the alloy. The investigations
were made for a case when the content of additional alloying element is fixed on 3%. Modification was made by

addition of 0.1% Mo.

Key words: copper-aluminum alloys, modifiers, heat treatment, structure.

INTRODUCTION

The increase of aluminum content, in two-phase
(duplex) Cu-Al alloys, from 8% up to10% leads to a
progressive strengthening, due to the appearance of
harder, body centered cubic beta-phase, which ad-
ditionally makes the bronzes more suitable for hot
working and casting. Ni alloyed, heat treated alu-
minum bronzes are ones with the highest strength
among the nickel-bearing aluminum bronzes. They
exhibit excellent yield and compressive strength,
high hardness and adequate elongation. They are a
good load-bearing material, suitable for heavy-duty
machine details and such exposed of high impact.
The additional increase of the strength is achieved
through a heat treatment. The material exhibits ex-
cellent corrosion and heat resistance, good machina-
bility and weldability. It is used for bushings and
bearings of heavy duty, gears, and wear parts. It find
application in the marine as pump parts, machine
tool parts, aircraft parts, as well for military applica-
tions. The most often is used in the aircraft landing
gear as bearing components [1, 2, 6, 8].

The primary fine-grain structure in aluminum
bronzes are achieved by adding different refractory
elements during the casting process. The changes in
the microstructure (the magnitude and shape of the

* To whom all correspondence should be sent:
E-mail: r.gavrilova@abv.bg
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metal grains) of the alloys are provoked by modifying
effect of these elements, and to large extent from the
presence of Fe in the alloys. The optimum concentra-
tion of modifiers, according to the data cited in popu-
lar scientific literature, is between 0.05 to 0.5%.

EXPERIMENTAL EQUIPMENT,
METHODS AND MATERIALS

Melting of the charge materials (electrolytic cop-
per, aluminum, nickel and molybdenum) was car-
ried out in a laboratory induction furnace MRAS8-25
with graphite crucible. The casting temperature was
1130-1140 °C. The produced samples are cylindri-
cal, with diameter 25 mm.

The effect of nickel alloying and molybdenum
modifying was evaluated on the obtained alloys of
a type CuAl9. Data for changes in the structure and
hardness of the specimens as well for the effect of
different heat treatments (Fig. 2-5) have been ob-
tained, as these characteristics change in the cases
of alloying (Fig. 1b—5b) and modifying with mo-
lybdenum (Fig. 1c—5c¢). The samples are prepared
for examination by a standard technique [4] and
micro-photographs of the alloys were made at a
magnification 63x.

HEAT TREATMENT

The heat treatment of samples was conducted in
a laboratory electric resistance furnace in several

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Table 1. Regimes of heat treatment on the investigated alloys

Regimes Heat treatment Temperature Time Cooling
1 Quenching 875 °C 60 min In water
2 Ageing 300 °C 120 min In furnace
3 Ageing 400 °C 120 min In furnace
4 Ageing 500 °C 120 min In furnace

stages. Initially, they were subjected to quenching,
then to artificial aging regimes [7-9] (annealing
temperatures) shown in Table 1:

INVESTIGATION OF THE STRUCTURE

Nickel-aluminum bronzes, generally, are two-
phase duplex alloys containing aluminum and addi-
tionally nickel for increase of the strength. The differ-
ent aluminum content of the cast alloys (Fig. la—1c)
and alloying with 3% Ni (Fig. 1b—5b) and on the
other hand alloying with 3% Ni and modifying by
molybdenum (Fig. 1c—5c) resulted in markedly
different microstructures. Hence, seemingly small
variations in composition can lead to changes of the
phases, developing in the stucture.

ESTIMATION OF THE HARDNESS

The hardness was determined to Brinell meth-
od (BS 1SO 6506). Measurement was made by a
sphere with a diameter 2.5 mm, 187.5 kgf (1840N).
Graphically, on Fig. 6 are presented measurements
of the hardness for different regimes of heat treat-

ment of investigated cuprum-aluminum alloys. The
analysis of the results shows that the hardness tends
to increasing with the increase of ageing tempera-
ture for specimens in cast, well as in quenched con-
dition. This most likely is due to the partial dissolu-
tion of the phase, obtained in a time of the primary
crystallization of the (o+y) eutectoid, whose hard-
ness and brittleness are higher.

RESULTS AND DISCUSSION

The subject of this paper was the evaluation of
the effect of a small change in composition of alu-
minum bronzes on the microstructure, as well the
evaluation the effect of alloying with Ni, modify-
ing by Molybdenum and heat treatment on the hard-
ness . Based on only three compositions and four
regimes of heat treatment we make the next primary
conclusions: Nickel alter and improve uniformity of
the cast structure, raises hardness, and act as micro-
structure stabilizer. Nickel-aluminum bronzes are
complex alloys in which small variations in com-
position can result in the development of markedly
different microstructures, which can, in turn to re-
sult in wide variations in properties. Specifically:

CuAlI9Ni3Mo

\

Fig. 1. Microstructures of investigated alloys in cast condition
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CuAl9 CuAI9Ni3 CuAlI9Ni3Mo

Fig. 2. Microstructures of investigated alloys in quenched condition

Fig. 4. Microstructures of investigated alloys after ageing at 400 °C for 2 hours
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CuAl9

CUuAI9NiI3

Fig. 5. Microstructures of investigated alloys after ageing at 500 °C for 2 hours

* The analysis of the structures shows, that for
the basic CuAl9 alloy (Fig. 1a—5a) after the differ-
ent heat treatments the structure becomes finer and
with a relative decrease in the amount of the eutec-
toid component.

* Adding of nickel in aluminum bronze (Fig. 1b—
5b) leads to a change in the form of eutectoid crys-
tals - they elongate and acquire form similar to
Widmanstatten structure plus intercepts of marten-
site or bainite between releases of the second phase
(Fig. 2b—5b). This can be confirmed with certainty
at higher microscopic magnification and by meas-

uring the micro-hardness of the different structural
elements. (These studies will be the subject of our
next work).

* The modification of a nickel-aluminum bronze
with molybdenum leads to keeping the acicular na-
ture of the structure and visible refinement of the
eutectoid component (Fig. 1c—5c).

* In regard to the hardness, adding of nickel in
the aluminum bronze leads to an overall increase of
the hardness (Fig. 6) compared with the base alloy.
The explanation is that nickel hampers the eutectoid
decomposition. The B-phase is kept, and the struc-

500

450

400

Brinell hardness, HBS
N
()]
o

OCuAl9

B CuAI9Ni3
B CuAI9Ni3Mo

cast
spesimens

quenched
spesimens

ageing at 300° ageing at 400° ageing at 500°

Fig. 6. Influence of the alloying with Ni and modifying with Mo on the hardness of copper-aluminum alloy
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ture became fine-grained. Modification of the alloy
with molybdenum causes refinement of the struc-
ture, a base for further increase of the hardness. The

ten

dency of hardness increasing with the increasing

of ageing temperature to 400 °C is kept.

ing

At high temperature aging — 500 °C, and hold-
time 2 hours, the measured hardness values

marked fall. This fact shows that the optimal mode
of heat treatment after quenching of alloys of this

typ

1.
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e should not exceed 400 °C.
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U3CJIEJIBAHE HA CTPYKTYPATA U CBOMCTBATA CJIEJ]] TEPMUYHO
OBPABOTBAHE HA ME/ITHO-AJIYMWHUEBU CIUVIABU, JOITBJIHUTEJIHO
JIETUPAHU C N1 U MOANDPUTTNPAHU C Mo

P. I'aBpusiosa, P. IleTkoB

Xumuro-mexnonoeuuen u Memanypeuuen ynueepcumem — Cousi,
1756 Cogus, 6yn. ,, Kn. Oxpuocku* Ne 8

[Moctenuna ¢espyapu, 2013 r.; npuera maii, 2013 1.

(Pesrome)

Hacrosiioro npoyuBaHe yCTaHOBSIBA IIPOMEHHTE B MHUKPOCTPYKTypara W TBBPAOCTTA, HACTBIIWIN B PE3yjTaT
Ha TEPMUYHO 00pabOTBaHE Ha METHO-aTyMUHHEBHU CIUIABH, JOMBIHUTEIHO Jerupanu ¢ 3% Ni u moaudunmpanu c
0.1% Mo. 3akansiBaHETO Ha JIETUPAHUTE C HUKEJ aIyMUHHEBU OPOH3U BOJM JIO OOIIO IMOBHIIABaHE HA TBHPAOCTTA
B CpaBHEHHE ¢ 0a30BaTa CIUIAB, a JONBIHUTEIHOTO MOAU(HULIUpPaHE C MOIMONECH NpeIu3BHKBa M3ApeOHsABaHE Ha
CTPYKTypara ¥ ChIIO BOJM JI0 NMOBHUILIABAHE HA CTOWHOCTUTE M. B pe3ynrar Ha NpUIIOKEHUTE Pa3IMuHH PEKUMU Ha
OTBpBILIAHE, B U3CIIEIBAHUTE CTPYKTYPHU Ca KOHCTATUPAHH IIPOMEHH 110 OTHOILICHHE Ha eIpUHATa U pa3lpelelICHUETO
Ha OTJieNieHaTa BTopa (a3a, a CTOHHOCTHTE Ha TBHPAOCTTA 3HAUUTEJIHO CE [IOBUIIABAT.
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This study is focused on preparation, characterization and photocatalysis with ZnO, TiO, and nanocomposite thin
films of ZnO/TiO,, prepared by spin coating method from suspensions of the commercial metal oxide powders in
ethanol, with addition of PEG as stabilizer. The content of ZnO in the composite samples is selected to be 90%. The
phase composition and morphology of the ZnO, TiO, and mixed composite thin films of ZnO/TiO, is characterized by
X-Ray Diffraction and SEM analysis. The photocatalytic efficiency of the prepared films is tested in photooxidation
of organic azo dye Orange II from aqueous solutions under irradiation with UV and visible light. The influence of the
number of coated layers on the efficiency of dye photodegradation is also investigated. Comparative photocatalytic
experiments with ZnO and TiO, films are performed. It is found out that the nanocomposite film of 90% ZnO content
with 3 coated layers manifests the highest photocatalytic efficiency under UV irradiation.

Key words: ZnO/TiO, composite film, spin coating, photocatalysis, Orange II, UV, visible light.

INTRODUCTION

Heterogeneous photocatalysis is an attractive ad-
vanced technology for removal of organic pollutants
from water and air under light illumination. Titania
and zinc oxide are the most popular semiconductor
oxides used as photocatalysts due to their unique
blend of properties [1]. The coupling of two semi-
conductors, possessing different energy levels for
their corresponding conduction and valence bands,
provides an approach to achieve a more efficient
charge separation, an increased lifetime of the charge
carriers and an enhanced interfacial charge transfer
to the adsorbed species favoring their photooxidation
and further mineralization [2]. There is significant
interest in the scientific research on nanostructured
ZnO/TiO, composites with different configurations
and morphologies in order to obtain more efficient
photocatalytic degradation [3—5]. In addition to clas-
sical mechanochemical processing used to manufac-
ture nanoparticulate (TiO,) (Zn0O), , photocatalytic

* To whom all correspondence should be sent:
E-mail: nhasb@wmail.chem.uni-sofia.bg

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

powders [6], the photocatalityc performance is in-
vestigated for coated with titania shell ZnO nanorods
[7], junction type p-ZnO/n-TiO, powder photocata-
lyst [8], powdered ZnO-TiO, nanocomposites pre-
pared by wet chemical methods [9-11], nanosized
ZnO/Ti0O, [12] and Zn-TiO,-ZnO [13] nanocom-
posite films. To the best of our knowledge, we have
not found in the available literature, investigation on
ZnO/Ti0, films, prepared via spin coating method
from suspensions.

In this study we present a procedure for obtain-
ing thin solid films of TiO,/ZnO from slurry by spin
coating and their characterization as a first step to
enhance the photocatalitic efficiency of the com-
posite film under UV-light. For this reason, our goal
is to find the conditions for preparation of good and
reproducible coatings by studying the influence of
different factors on the photocatalytic properties of
the composite films.

EXPERIMENTAL

The reagents and materials used in the ex-
periments were as follows: TiO, anatase from
KRONOS-Germany, ZnO and Orange II (O II)
(C,(H,,N,NaO,S, dye content ~85%, absorption
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maximum at 4, = 484 nm) from Sigma Aldrich.
Absolute ethanol and PEG (2000) were purchased
from the Institute of Pure Substances, University of
Sofia. Standard microscopic glass slides of dimen-
sions 75%26x1 mm (Isolab, Germany) were used
as substrates of the coatings. The glass slides were
preliminary cleaned thoroughly with detergent and
then consecutively rinsed with isopropanol, acetone
and ethanol in order to eliminate organic residues
and assure better adhesion of the coatings [14].

The coating suspension, containing commercial
TiO, or ZnO powders, was obtained by addition of
the corresponding metal oxides (7% weight ratio)
to ethanol. The ZnO content in the composite TiO,/
ZnO film samples was selected to be 90% with re-
spect to titanium oxide, based on our previous in-
vestigation [15]. To assure better films adhesion
and porosity, 7% (weight) polyethylene glycol 2000
was also added to the slurry [16]. Then the coat-
ing suspension was homogenized by ultrasonic bath
(IKEDARIKA BU95001) for 20 minutes and was
let to age overnight. The substrates were coated us-
ing spin-coater (KW-4A, Chemat Technology Inc)
at two speeds of rotation: first — 1000 rpm (3 sec)
and second — 2000 rpm (30 sec). Three series of film
samples of each composition were prepared — with
one, two and three coated layers. The films were
allowed to dry at 100 °C for 10 min between the
successive coating cycles. The as-coated substrates
were finally annealed in a high temperature oven
(Barnstead Thermolyne, Furnace 1400) for 1.5 h at
500 °C in air atmosphere to obtain complete organ-
ics decomposition and crystalline films.

The phase composition and crystallinity of as-
prepared thin films was established by Siemens
D 500 diffractometer (CuKa source of radiation
at a step of 0.05 deg for 20 and counting time
2s/step). The surface morphology of the samples
was observed via scanning electron microscope
(SEM) (JSM-5510 JEOL). The film thickness was
determined by weight method for series of films
from ZnO, TiO, and TiO,/Zn0O, prepared with 1,
2 and 3 spin coated layers.

The as-prepared ZnO, TiO, and TiO,/ZnO films
were tested in photodegradation of Orange II from
water solution by a standard testing procedure [14].
The volume of dye solution was 100 ml. The ini-
tial O II concentration was 8 ppm. The sources of
irradiation were as follows: UVA lamp (Sylvania
18W BLB T8, emitting mainly in the range 315—
400 nm) placed 10 cm above and a linear Tungsram
lamp (500 W K1R7s 9700 Lm, maximal emission at
700 nm) for the visible irradiation fixed at 25 cm
above the investigated solution. Aliquot samples
were regularly taken from the dye solution at fixed
time intervals and analyzed for absorption at the
maximal absorption of O II by UV-VIS spectro-
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photometer (Thermo scientific, Type Evolution
300 BB). After absorption measurement, the aliq-
uots were immediately returned back to the treated
solution. The solution was constantly stirred by
electromagnetic stirrer at constant rotation speed
of 400 rpm. All photocatalytic experiments were
conducted at constant temperature of 23+2 °C.

RESULTS AND DISCUSSION

The crystalline phase of the prepared ZnO, TiO,
and TiO,/ZnO films, identified by X-ray diffraction
analysis is represented in Fig. 1. It is clear from the
XRD pattern that zinc oxide is well crystallized and
can be classified as hexagonal wurtzite modification,
with dominating (101) peak. The titanium dioxide,
in the thin films, is of anatase form (with main peak
at (101)). The diffractogram of mixed TiO,/ZnO
composite film with pointed characteristic peaks of
anatase and zinc oxide is presented also in Fig. 1.
The intensities of the main peaks of ZnO and TiO,
in case of composite do not differ from those in case
of pure ZnO or TiO, film — both oxides are present
in the composite as separate phases, there is no indi-
cation for formation of mixed compound. The size
of crystallites is calculated following Sherrers equa-
tion (k = 1.5406 A) for ZnO from the (101) peak
and for TiO, from the (101) peak (Fig. 1) as they
are relatively strong and single for the respective
metal oxide. The sizes of crystallites are found to be
40.7 nm for Ti0O, and 24 nm for ZnO.

The surface morphology of TiO, and TiO,/ZnO
composite film is represented in Fig. 2. From the
SEM images in Fig. 2 is seen that the films are uni-
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Fig. 1. Comparative XRD pattern of TiO,, ZnO and com-
posite TiO,/ZnO thin films
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Tio, (10%)
ZnO (90%)

Fig. 2. SEM images of the prepared catalysts in form of thin films at different

magnifications

form and homogeneous. The size of the particles in
the films is calculated following the equation:

i=1
Dav ZZ (Dimax+Dimin)/2N (1)

N

Where N is the number of observed particles, and
D,., D, and D, are the average, maximum and
minimum diameter of the particle, respectively. In
our case N=300-500. The average particle size is
found to be 0.2 um for TiO, and 0.45 pm for ZnO in
all the prepared films. The observed film thickness
by SEM is 2.5 pm.

Series of experiments are made in order to ob-
tain the optimal number of coated layers of the pre-
pared films. The dependence of the film weight on
the number of spin coating cycles is presented in
Fig. 3. As seen from Fig. 3a, in case of ZnO and
TiO, films, the weight of the first layer is greater,
compared to that of the next ones. The second and
third coatings, for each of the pure oxide films, have
approximately equal weigh. In general — the ZnO
films have greater weight (0.49 pg.cm per 3 coat-
inds), than these of TiO, (0.43 pg.cm™) due to the
different density of the respective oxides (p,,, = 5.6
g.cm”, pro, = 3.9 g.cm™). The average film weight
in case of 3 coated film of TiO,/ZnO composite
(Fig. 3b) is found to be 0.43 pg.cm=.

The photocatalytic action of the titania, zinc ox-
ide and titania/zinc oxide nanocomposite films is
investigated, as mentioned above, in the photo initi-

0,4
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‘2‘ 0,3 | OzZn0
£ 025 |
o 02 2
Oip15 | E x
E 0,1 |
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o N O N s M s
1 2 3
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0,2
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e
S 01t
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€ 005 |
0

1 2 3
Coatings number

Fig. 3. Weight of the successive coatings for the films of:
(a) TiO, and ZnO; (b) thin composite films of 90% ZnO
content. The experimental data points represent the aver-
age from three independent measurements; the error bars
show the respective deviations
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Fig. 4. Comparison of the achieved degree of photocata-
lytic decomposition of O II in 8§ ppm water solution with
all film samples at 3" h of UV light irradiation

Degradation, %

—
o O

ated decomposition of Orange II from 8 ppm water
solutions. The photocatalytic experiments are car-
ried out with films coated by 1, 2 and 3 spin coated
layers. The results of the photocatalytic experiments
after 180 min of UV illumination are shown in
Fig. 4. The experimental data in case of TiO, and
Ti0,/ZnO composite films show clear tendency for
higher photocatalytic efficiency with the number
of film coatings. The effect is most expressive for
the TiO,/ZnO composite films. The photocatalytic
activity of ZnO films undergoes maximum (62%
dye degradation) for the film prepared with 2 spin
coatings and then slightly decreases. Higher degree
of pollutants photodegradation (65%) is observed
with TiO, films, prepared with 3 layers. The ti-
tania/zinc oxide films, prepared with 3 coatings,
manifest the best photocatalytic efficiency (72% O
IT degradation) under UV irradiation due to suc-
cessful charge separation in the prepared compos-

30
x
s 20 mo 20
= n .
3
g 2c ¢ T2 zno
© ¢ Tio2 Tio2
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o Tc 3c Ti02 TiO2
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Fig. 5. Degradation degree (%) of Orange Il after 3 h photo-
catalysis with the different film samples under visible light
illumination. The initial dye concentration is 8§ ppm
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ite and therefore avoiding losses from recombina-
tion of the photogenerated charge carriers.

The experimental results from the photocata-
lytic tests at the 180™ minute of visible light il-
lumination are presented in Fig. 5. Generally the
photocatalytic activity of all film samples under
visible light is lower, compared to the results ob-
tained upon UV irradiation. In this case a trend,
reverse to the case of photocatalysis under UV
light, is observed for the TiO, and TiO,/ZnO film
samples — the photocatalytic activity decreases
with the number of coated layers. Here the TiO,
and TiO,/ZnO films have lower efficiency in
comparison with the ZnO films. In case of films
of zinc oxide, the photodegradation efficiency
regularly increases with the number of the film
coatings. The ZnO films prepared with 3 coated
layers have the highest efficiency — 14% Orange
II photodegradation.

The apparent rate constants of photocatalytic
process are determined following the equation:

C=C, e" (2)

where C is the concentration of the dye solution at
the moment ¢, C,, — the initial dye concentration and
¢ is the illumination time in minutes.

The rate constants values (K), calculated by
Eq. (2) with the data, obtained from the photocata-
lytic experiments under both types of illumination,
are plotted in Fig. 6. From the figure one can see,
that highest rate constants values are observed in
case of photocatalysis under UV light with TiO,/ZnO
nanocomposite films, where the process of photoca-
talysis is the most effective.
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Fig. 6. Rate constants of photocatalysis versus number of
the films coatings



S. A. Siuleiman et al.: Nanosized composite ZnO/TiO, thin films for photocatalytic applications

CONCLUSIONS

Nanocomposite films of TiO,/ZnO are prepared
using for the first time dip coating method from etha-
nol suspensions. The films exhibit a good homogene-
ity and nanocrystallinity as shown by XRD and SEM
analysis. The titania and zinc oxides in the composite
film exist as separate phases in form of anatase and
wurtzite modification, respectively. The determined
by weight method composite film weight is found
to be 0.43 pg.cm2. The photocatalytic action of the
TiO,/ZnO films is tested and compared with that of
Zn0O and TiO, films in UV and visible light induced
purification of aqueous solutions from the organic
dye Orange II. Most efficient dye photodegradation
is achieved with the composite films of TiO,/ZnO un-
der UV irradiation. The investigation will be devel-
oped further upon visible light illumination, where a
better photocatalytic performance of the composite
TiO,/ZnO films might be expected.
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HAHOPA3MEPHU KOMIIO3UTHU ThbHKN ®NJIMU OT ZnO/TiO,
3A ®OTOKATAJIMTUYHUA ITPUIJIOXKEHW A

L. A. Croneiiman, /]. B. PaiiueB A. C. bBoxxuHoBa*,
. 1. umutpos, K. 1. [Tanmazosa

Jlabopamopus no nayka u mexuonoaus Ha HaHowacmuyu, kameopa O0wa u HeoOP2aHUUHA XUMUS,
Daxynmem no xumus u papmayus, Couiicku ynusepcumem, Cogpua 1164, Bvacapus

Toctpmmna pespyapu, 2013 r.; mpueta maii, 2013 1.
(Pesrome)

[IpencraBeHOTO H3CIIEIBaHE € HACOUCHO KBbM CHHTE3, XapaKTepU3npaHe U (OTOKATAIUTHYHA aKTUBHOCT Ha ZnO,
TiO, 1 HaHOKOMITO3UTHH THHKHU (prumu 0T ZnO/Ti0,, 0TI0XKEHN IO METOAA Ha IEHTPOOEKHO BBPTEHE (Spin coating)
OT €TaHOJIHY CYCIICH3HMH Ha THPrOBCKUTE MPAaX0OBEe METAIHU OKCUJIH, ChABbPIKAIHM CTAOMIH3HUpala 100aBKa OT MOJIH1-
eTwieHrIuKoi. M30panoto chappikanne Ha ZnO B KoMIo3uTHUTE Tpodu € 90%. DazoBuAT cheTaB 1 MopdosorusaTa
Ha ZnO, TiO, u cMeceHnTe KOMIO3UTHU THHKK Guimu oT ZnO/Ti0, ca XxapakTepu3upaHy ¢ peHTreHoBa Judpakuus
M CKaHHMpAIla eJEeKTPOHHA MUKPOCKOMHS. DOTOKATATUTHYHOTO MOBEICHNE HA MOJyYeHUTE (GUIIMH € U3IUTAHO NPH
(hOTOOKHCICHNETO Ha OPraHUIHOTO a30 Oarpmino OpamkeBo Il BB BOJCH pa3TBOp MpH OONBYBAHE C YITPABUOIIE-
TOBa M BUAWMA CBETJIMHA. M3CiIeBaHO € U BIMSHUETO HAa OpOsl Ha IMOKPHUTHATA BBPXY e(eKTUBHOCTTA Ha (HOTOpa3-
rpaxxaane Ha Oarpuinoro. IlpoBenenu ca cpaBHUTENHHU (hOTOKATAINTHYIHHU TecToBe ¢ (pumu oT yucture ZnO u Ti0,.
YcraHoBeHO €, ue ¢punmuTe cbe chabpkanne Ha 90% ZnO u 3 MOKpHUTHS TOKa3BaT Hall-BUCOKA (DOTOKATAIUTHIHA
e(EeKTHBHOCT I10]] JEHCTBUETO HA yATPABHOJICTOBA CBETIINHA.
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